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APPENDIX A

SOIL SPECIFICATIONS

The data presented in this appendix will give descriptions of the 12 basic soils used
in the LM soil mechanics study. The descriptions will include pertinent chemical
analysis, physical properties and handling methods used to maintain repeatable test
bed preparation for each soil.

a. Clarke, F..W., The Data of Geochemistry, Bulletin 770, Sth Ed., U.8. Geol,
Surv., Government Printing Office, Washington, D, C,, 1924,

b. Tyrrell, G. W., The Principles of Petrology, Methuen and Co,, Ltd., London,
E. P, Dutton and Co., Inc., New York, 1926,

c. American Society for Testing and Materials, Procedures for Testing Soils,
ASTM, Philadelphia 3, Pa., 4th Ed,, 1964.
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LM SOIL MECHANICS STUDY
!
SPECIFICATION ¥OR SOIL NO, 1. . 4
1. Bendix Designation: RS, Loose
|
2. Description: Red narrowly-graded crushed andesitic volcanic_scoria {volcanic
cinders),
3. Source: Cinder Products Company ’
3450 Lakeshore Avenue, Oakland, California 94610
4, Source Name: Volcalite I i
5. Chemical Analysis: ’
Volealite* Hypersthene Andesite (a, pp. 456-466) ' 1
¢ |
i
Silica (Si09) 54,22 56.88 l |
Aluminum Oxide (Alg03) 25.04 18,25
Ferric Oxide = (FegO3) 4,28 2,35 . [
Calcium Oxide (Ca0) 8.11 7.53
Magnesium Oxide (Mg0) 5.568 4.07 ... ‘
Sodium Oxide (Na0) 1.61 3.29 ]
Potassium Oxide (K90} 0.41. 1,42
| 99,25 ‘ ‘
* Chemical analysis provided by producer.
A-2 I
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6. Petrological Description

Highly porous volcanic (extrusive) rock of "basic" composition, commonly termed
voleanic scoria, A comparison of the chemical analysis provided by the producer
with other published analyses (a, pp. 4566-466; b, pp. 126-131) indicates that the rock
type is an andesite, Figure A- 1 is a photomicrograph of the RS soil. .

7. Mineralogical Description

No mineralogic analysis of the test soil has been done,_but a normative analysis of
the hypersthene andesite reported by Clarke (a, p. 458) gives the following:

Quartz 9,1%
Orthoclase 8.3%
. Albite 27.8%
‘ Anorthite 30.9% ..
Diopside. 5.3%
Hypersthene 13,.2%
Magnetite 3.5%
: Ilmenite 0.8%
: 1
The reddish color of the RS soil would indicate ‘that this material contains iron hydrox-
ides (e.g. limonite) rather than the magnetite and ilmenite referred to in the norm
and probably constitutes a larger. percentage of the RS material than the iron minerals
used.in .the example. !
Decomposition due to weathering tends to decrease the percentage of silica, calcium |
oxide and sodium oxide and increase the_percentage of ferric oxides and aluminum
oxide (leaching, chloritization and_kaolinization), The iron oxides (e.g.,magnetite,
!
{lmenite) tend to form.iron hydroxides (e.g., ilmenite); the femic minerals (e.g., 1
. hypersthene) to form chlorite (chloritization); and the feldspars: (e.g., orthoclase,
' albite) to form clays (kaolinization). The chemical analyses exhibit these trends indi- ‘
cating that some decomposition due to weathering has occurred,
Y A-3
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8, Moisture Content

All tests were run on.air-dried material, Oven-drying of the air-dried soil at 230°F
yielded moisture contents commonly in the range of 0.2 to 0,6% (percent of dry weight

of soil).

g,. Grain Size Distribution

Figure A-2 shows the range and average grain size distribution of this soil,  The table

on this figure lists some_of the grain size parameters investigated in this study, All

data shown is for unused, undegraded material.

10, Density and Relative Density

The average relative density of Soil No. 1is zero, Figure A-3 shows the relationship

between soil unit weight (density) and relative density for the RS soil as determined
by the method of test suggested-by D. M., Burmister (c, pp. 175-177). The solid line
represents the average of several tests on unused, undegraded soil, and the dashed l
lines indicate the 95% confidence limits for the data.

11, Direct Shear Test Results

f Figure A-4 shows the relationship between angle of internal friction and relative density
' obtained from the direct shear tests, This figure indicates that the angle of internal 1
friction for Soil No. 1 is about 41°, The complete data obtained from the direct shear !.

tests is given in Appendix C..

. 12. Sonic Velocity Test

The values of initial tangent modulus yielded for Soil No. 1 by this test is-about 5500 psi ~
at a confining pressure of 4 psi (no correction made for Poisson's Ratio), A detailed
description of the test apparatus and procedures.is given in Appendix B.

13, Soil Test Bed Placement Procedure

! Soil No. 1 was placed using the hopper method, )
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14, Special Comments

The RS soil is susceptible to particle breakdown or degradation due to handling and

testing, Such degradation Jeads to changes in some soil properties,

I the handling method is such that this process cannot he prevented,
nent, periodic

unit weight in

particular.
or.the soil cannot be veplaced when these effects become promi

gampling of the sofl test ved should be made in order that the effects be known quan-

titatively,




LM SOIL MECHANICS STUDY

SPECIFICATION FOR SOIL NO, 2__

1, Rendix Designation: PS Loose

2. Description: White narrowly-graded crushed pumice (volcanic cinders).

3. Source: James H, Rhodes and Company,

1026 W. Jackson Boulevard, Chicago, Illinois 60607

4, Source Name: Navajo Pumice

9. Chemical Analysis:*

Silicon Dioxide (SiO 2)
Ferric Oxide (Feo03g)
Aluminum Oxide (A1903)
Calcium Oxide (Ca0)
Magnesium Oxide __ (Mg0)
Phosphérus (P)

Alkalies not tested for:_
Sodium Oxide (Na0)
Potassium Oxide (X90)

Moisture

74.2%
1.6%
12.5%
0.4%
0.2%

Trace

11.0%
11,0%
11.0%

*Provided by the supplier.

A-10
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[ 6. Petrological Description

Very highly porous volcanic (extrusive) rock of "acid" or rhyolitic composition, The
chemical analysis is typical of a pumice. The supplier reports that this material is
mined in the area of Santa Fe, New Mexico, Pumice is formed when very silicic
voleanic ejecta is deposited in watex, The rapid cooling is responsible for the highly
porous nature of this rock, Figure A-5 is a photomicrograph of the I»S soil.

1. Mineralogical Description

' No mineralogic analysis of the pumice has been done, but the chemical analysis would
i indicate that it was composed primarily of orthoclase and quartz,

8. Moisture Content

i All tests were run on air-dried material, Oven-drying of the air-dried scil at 230°F
yielded moisture contents commonly in the range of 0.2 to 0.6% (percent of dry weight
of soil).

9, Grain Size Distrihution

b Figure A-6 shows the range and average grain size distribution of this soil, The table
on this figure lists some of the grain size parameters investigated in this study, All
data shown is for unused, undegraded material,

10, Density and Relative Density

The average relative density of Soil No, 2 is_zero, Figure A-T shows the relationship {
between soil unit weight (density) and relative density for PS.soil as determined by the
method of test suggested by D, M. Burmister (e, pp. 175-177), The solid line represents 3
the average of several tests on unused, undegraded soil, and the dashed lines indicate
the 95% confidence limits for the data,

11, Direct Shear Test Resulis

Figure A-8 shows the relationship between angle of internal friction and relative density , d
obtained from the direct shear tests,

A-11
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This figure indicates that {he angle of internal friction for Soil No. 2 is about 43°,
The complete data oblained from the direct shear tests is given in Appendix C.

12, Sonic Velocity Test

The.values of initial-tangent modulus yielded for Soil No, 2 by this test is about 4500
psi at a confining pressure of 4 psi.(no correction made for Poisson's Ratio), A
detailed description of the test apparatus and procedures is given in Appendix B,

13, Soil Test Bed Placement Procedures

Soil No. 2 was placed using the hopper method,

14, Special Comments

The PS soil is susceptible to particle breakdown or degradation due to handling and
testing, Such degradation leads to changes in some soil properties, unit weight in
particular, If the handling method is such that this proéess cannot be prevented, or
the soil cannot be replaced when these effects become prominent, periodic sampling
of the soil test bed should be made in order that the effects be known quantitatively.

A-16.




LM-SOIL MECHANICS STUDY

SPECIFICATION.FOR.SOIL.NQ,.3

Bendix Designation: RS, Intermediate.

Description: Red narrowly-graded crushed andesitic volcanic scoria (volecanic

cinders).

Source: Cinder Products Company

3450 Lakeshore Avenue, Oakland, California 94610

. Source Name: Volcalite,

Chemical Analysis:

Silica . (Si05)
Aluminum Oxide (Aly0g)
Ferric Oxide (Feg03)
Calcium Oxide (Cal)
Magnesium Oxide (Mg0)
Sodium Oxide (Na0)

Potassium Oxide (Ky0)

Volcalite*

54,22

25.04
4,28
8.11
5,98 .
1,61

0,41

89.25

Hypersthene Andesite (a, pp. 456-466)

56.88

18.25
2,35
7.53
4.07
3.29
1.42 .

*Chemical analysis provided by producer,

A-17
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6, Petrological Description

Highly porous volcanic (extrusive) rock of "basic'" composition, *ommonly termed
volcanic scoria, A comparison of the chemical analysis provided by the producer
with other published analyses (a, pp., 456-466; b, pp, 126-131) indicates that the rock
type is an andesite, Figure A-9 is a photomicrograph of the RS soil,

7. Mineralogical Description

No mineralogic analysis of the test soil has been done, but a normative analysis of the
hypersthene andesite reported by Clarke (a, p. 458) gives the following:

Quartz 9.1%
Orthoclase 8.3% {
Albite | 27.8%
Anorthite 30.9%
Diopside 5.3% ‘
Hypersthene 13.2%
Magnetite 3.5%
Ilmenite 0.8% X

The reddish color of the RS soil would indicate that this material contains iron hydrox- e
ides (e.g.,. limonite) rather than the magnetite and ilmenite referred to in the norm
and probably constitutes a larger percentage of the RS material than the iron minerals .. _

used in the example,

Decomposition due to weathering tends to decrease the percentage of silica, calcium
oxide and sodiumn oxide and increase the percentage of ferric oxides and aluminum oxide
(leaching, chloritization and kaolinization), The iron oxides (e.g,, magnetite, ilmenite)

tend to from iron hydroxides (e.g., limonite); the femic minerals (e.g., hypersthene) to
form chlorite (chloritization); and the feldspars (e.g., orthoclase, albite) to form clays
(kaolinization), The chemical analyses exhibit these trends indicating that some decom-

position due to weathering has occurred,
A-18
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8. Moisture Content

, All tests were run on air~-dried material, Oven~drying of the air-dried soil at 230°F
yielded moisture contents commonly in the range of 0.2 to 0,6% (percent of dry weight
of soil),

9. Grain Size Disiribution

Fipure A-10 shows the range and average grain size distribution.of this soil, The table
on this figure lists some of the grain size parameters investigated in this study, All

data shown is for unused undegraded material,

10. Density and Relative Density

The average relative density of Soil.No, 3 is about 0,45, Figure A-11 shows the rela-

niined by the method of test suggested by D. M. Burmister (c, pp. 175-177), The solid ..
line represents.the average of several tests on unused, undegraded soil, and the dashed
lines indicate the 95% confidence limits for the data, .. ... ..._.. ... ..

tionship between soil unit weight (density) and relative density for the RS soil as deter- .

11, Direct Shear Test Results

Figure A-12 shows the relationship between angle of internal friction and relative density
obtained from the direct shear tests,

This figure indicates that the angle of internal friction for Soil No. 3 is about 43,.9°, The
complete data obtained from the direct shear tests is given in Appendix C,

12, Sonic Velocity Test

The values of initial tangent modulus yielded for Soil No, 3 by this test.is about 8600 psi
at a confining pressure of 4 psi (no correction made for Poisson's Ratio),

A detailed description of the test apparatus and procedures is given in Appendix B,

A-20
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Minimum Density, ¥ min {pcl)
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13, Soil Test Bed Placement Procedure

Soil No. 3 was placed using a hopper and compacted with 2 passes of a roller,

14, Special Comments

The RS soil is susceptible to particle breakdown or degradation due to handling and
testing, Such degradation leads to changes in some soil properties, unit weight in

particular, If the handling method is such that this process cannot he prevented, or
the soil cannot be replaced when these effects become prominent, periodic sampling
of the.soil test bed should be made in order that the effects be known quantitatively,

A-24




LM SOIL MECHANICS STUDY
SPECIFICATION FOR SOIL NO, 4

: 1, Bendix Designation: RS, Dense

9. Description: Red narrowly-graded crushed andesitic volcanic scoria (volcanic

cinders).

3. Source: Cinder Products Company
3450 Lakeshore Avaznue, Qakland, California 94610

4. __Source Name: Volcalite

5. Chemical Analysis:

Volcalite* Hypersthene Andesite (a, pp. 456-466)

Silica (S109) 54,22 56,88
Aluminum Oxide  (Alg0g)  25.04 . 18.25
Ferric Oxide (Feg0g) 4,28 2.35
Calcium Oxide (Ca0) 8.11 7.53. —
Magnesium Oxide (Mg0) 5.58 4,07
Sodium Oxide (NaQ) 1.61. 3.29
Potassium Oxide  (K90) 0.41 1.42
99.25

*Chemical analysis provided by producer,

A-25




6. Petrological Description

Highly porous voleanic {extrusive) rock of "'basic" composition, commonly termed
voleanic scoria, A comparison of the chemical analysis provided by the producer
with other published analyses (a, pp. 456-466; b, pp. 126-131) indicates that.the rock... ...
type is an andesite. Figure A-13 is a photomicroegraph of the RS soil,

7. Mineralogical Description

No mineralogic analysis of the test soil has been done, but a normative analysis of the
hypersthene andesite reported by Clarke (a, p. 458) gives the following:

Quartz. 9,1%
Orthoclase 8.3%
Albite 27.8%
Anorthité 30.9%
Diopside 5.3%
Hypersthene 13,2%
Magnetite 3.5%
Ilmenite 0.8%

The reddish color of the RS soil would indicate that this material containsiron hydrox-
ides (e.g., limonite) rather than the magnetite and ilmenite referred.to in the norm
and probably constitutes a larger percentage of the RS.material than the iron minerals
used in the example,

Decomposition due to weathering tends to decrease thepercentage of silica, calcium
oxide. and sodium oxide and increase the percentage of ferric oxides and aluminum
oxide (leaching, chloritization and kaolinization)... The iron oxides (e.g., magnetite,
ilmenite) tend to forin iron hydrexides (e.g., limonite); the femic minerals (e.g., hyper-
sthene) te form chlorite (chloritization); and the feldspars (e.g. orthoclase, albite) to
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form eclays (kaolinization), The chemical analyses exhibit thesetrends indicating that

some decomposition due to weathering has occurred,

8... Moisture Content

All tests were run on air-dried material, Oven-drying of the air-dried soil.at 230°F
yielded moisture contents commonly in the range of 0,2 to 0,6% (percent of dry weight
of soil),

10. Density and Relative Density

The average relative density of Soil No. 4 is about 0.8. Figure A-15 shows the rela-

tionship between soil unit weight (density) and relative density for the RS soil as deter- J
mined by the method of test suggested by D, M, Burmister (¢, pp. 175-177), The solid. |
line represents the average of several tests on unused, undegraded soil, and the dashed
lines indicate the 95% confidence limits for the data.

11, Direct Shear Test Results

Figure A-16 shows the relationship between angle of internal friction and relative den-
sity obtained irom the direct shear tests.
A

This figure indicates that the angle of internal friction for Soil No. 4 is about 47.9°, -

The complete data obtained from the direct shear tests is given in Appendix C,

12, Sonic Velocity Test

The values of initial tangent modulus yielded for Soil No, 4 by this test is about 10,900
psi at a confining préssure of 4 psi (no correction made for Poisson's Ratio). A detailed
description of the test apparatus and procedures is given in Appendix B,
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9. (Grain Size Distribution

Fignre A-14 shows the range and average grain size distribution of this soil. The
tapole on this figure lists some of the grain size parameters investigated in this study.
All data shown is for unused, undegraded material,
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13, Soil Test Bed Placement Procedure

|
1
!
{

Soil No. 4 was placed using a hopper and compacted with 16 passes of a roller, ‘

14, Special Comments

The RS soil is susceptible to particle breakdown or degradation due to handling and
testing, Such degradation leads to changes in some soil properties, unit weight in

particular, If the handling method is such that this process cannot be prevented, or
the soil cannot be replaced when these effects become prominent, periodic sampling
of the soil test bed should be made in order that the effects be known quantitatively,
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LM SOIL MECHANICS STUDY

SPECIFICATION FOR SOIL NO, §

Bendix Designation: RSM - a Loose.

Description: Mixture of red narrowly-graded crushed andesitic volcanic scoria

(volcanic cinders) and white narrowly-graded crushed marble.

Source:

(a) Volcanic Cinders
Cinder Products Company
3450 Lakeshore Avenue, Oakland, California 94610

(b)Y Crushed Marble
Terrazzo Marble Supply

5700 S. Hamilton Street, Chicago, Illinois 60636

Source Name:

(a) Volcanic Cinders - Volcalite

(b) Crushed Marble - #10 Georgia special white marble chips

Chemical Analysis:

(a) Volcanic Cinders
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Volcalitex  Hypersthene andesite (a, pp. 456-466)

Silica (S109) 54,22 56,88
Aluminum Oxide (Alg03) 25,04 _. 18,25
Ferric Oxide (Feg0g) 4,28 2.35
Calcium Oxide (Cal) 8.11 7.53
Magnesium Oxide (Mg0) 5,58 4,07
Sodium Oxide__ (Na0) 1.61 3.29
Potassium Oxide {K90) 0.41 1,42
99.25

(b) Crushed Marble. No chemical analysis available but it is primarily
calcium carbonate (CaC0g).

(a) Volcanic.Cinders,

Highly porous volcanic (extrusive) rock.of '"basic" composition. Commonly
termed volcanic scoria,. .A comparison of the chemical analysis provided by
the producer with other published analyses (a, pp. 456-466; b, pp. 126-131)
indicates that the rock type is an andesite,

(b) Crushed Marble,

Marble_is a crystaline compact variety of metamorphosed sedimentary lime-

stone,

The volcanic cinders and crushed marble are mixed in the ratio of 5., respectively,
by weight, Figure A-17 is a photomicrograph of the resulting RSM soil.

6. Petrological Description e e e e e

*Chemical analysis supplied by producer,
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1. Mineralogical Description

(a) Voleanic Cinders,

No mineralogic analysis of the test soil has been done, but a normative ana-

lysis of the-hypersthene andesite reported by Clarke (a, p. 458) gives the

following:

Quartz
Orthoclase
Albite
Anorthite
Diopside
Hypersthene
Magnetite

IImenite

9.1%
8.3%
217.8%
30.9%
5.3%
13.2%
3.5%
0.8%

The reddish color.of the RS soil would indicate that this material contains iron hydrox-

ides (e.g., limonite) rather than the magnetite and ilmenite referred.to in the norm

and probably constitutes.a larger percentage of the RS material than the iron minerals 1

used in the example,

Decomposition due to weathering tends to decrease the percentage of silica, calcium

oxide and sodium oxide and increase the percentage of ferric oxides and aluminum oxide _ _.

(leaching, chloritization and kaolinization), The iron oxides (e.g. magnetite, ilmenite)

tend to form iron hydroxides (e.g., limonite); the femic minerals (e.g., hypersthene).

to form chlorite (chloritization); and the feldspars (e.g., orthoclase, albite) to form

clays (kaolinization), The chemical analyses exhibit these trends indicating that some

decomposition due to weathering has occurred,

A-36




(b} Crushed Marble,

No.mineralogic analysis of the marble was done but it consists primarily of
calcite,

8. Moisture Content

All tests were run on air-dried material, Oven-drying of the air-dried soil at.230°F
yielded moisture contents.commeonly in the range of 0,2 to 0.6% (percent of dry weight
of soil).

9, Grain Size Distribution

Figure A-18 shows the range and average grain size distribution of this soil. The table

on this figure lists some of the grain size parameters investigated in this study. All
data shown is for unused, undegraded material,

10. Density and Relative Density

The average relative density of Soil No, 5 is about zerc, Figure A-19 shows the rela- 1
tionship between soil unit weight (density) and relative density for the RSM - a soll as
determined by the method of test suggested by D, M. Burmister (¢, pp. 175-177).

The solid line represents the average of several tests on unused, undegraded soil, and
the dashed lines indicate the 95% confidence limits for the data,

11, Direct Shear Test Results

Figure A-20 shows the relationship between angle of internal friction and relative den-
sity obtained from the direct shear testis, 7 N

This figure indicates that the angle of internal friction for Soil No, 5 is about 37°, The
complete data obtained from the direct shear tests is given in Appendix C.
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12. Sonic Velocity Test

No determination of initial tangent modulus was.made for Soil No, 5. However, based
on data for the other soils the sonic modulus at 4 psi confining pressure is estimated

to.be.T800Q psi.

13, Soil Test Bed Placement Procedure

Soil No, 5 was placed using the hopper method,

14, Special Comments

The RSM -~ a soil is susceptible to particle breakdown or degradation due to handling
and testing, Such degradation leads to changes in some soil properties, unit weight

in particular, If the handling method is such that this process cannot be prevented,

or the soil cannot be replaced when these effects become prominent, periodic sampling
of the soil bed should be made in order that the effects be known quantitatively.

A-41

ey




LM SOIL: MECHANICS STUDY

SPECIFICATION FOR SOIL NO, 6

1. Bendix Designation: RC2 Loose

2. Description: Red broadly-graced crushed andesitic volcanic scoria (volcanic

cinders)

3. Source: Cinder Products Company

3450 Lakeshore Avenue, Oakland, Califo. ~ia 94610

4, Source Name: Volcalite

5. Chemical Analysis:

Volcalite*

Silica (Si09) 54,22
Aluminum Oxide (Alg03) 25.04

Ferric Oxide (Feglg)  4.28
Calcium Oxide —(Ca0) 8.11
Magnesium Oxide  (Mg0) 5.58
Sodium Oxide (Na0) 1.61
Potassium Oxide. ... (Kq0) 10.41

99,25

Hypersthene Andesite (a, pp, 456-466)

56.88
18,25
2.35
7.53
4,07
3.28
1,42

*Chemical.analysis provided by’ producer.
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6. Petrological Description.

Highly porous volcanic {extrusive) rock of "basic' composition, commonly termed
volcanic scoria. A comparison of the chemical analysis provided by the producer
with other published analyses indicates.that the rock type is an andesite, Figure A-21
is a photomicrograph of the RC2 soil.

7. Mineralogical Description

No mineralogic analysis of the test soil has been done, but a normative analysis of the
hypersthene andesite reported by Clarke (a, p. 458) gives the following:

Quartz 9,1%
Orthoclase 8.3%
Albite 27.8%
Anorthite 30.9%
Diopside 5,3%
Hypersthene 13.2%
Magnetite 3.5%
Ilmenite 0.8%

The reddish color of the RS soil would indicate that this material contains iron hydrox- ..

ides (e.g., limonite) rather than the magnetite and ilmenite referred to in the norm -
and probably constitutes a larger percentage of the RS material than the iron minerals

used in the example,

Decomposition due to weathering tends. to decrease the percentage of silica, calcium -
oxide and sodium oxide and increase the percentage of ferric oxides and aluminum oxide
(leaching, chloritization and kaolinization),. The iron oxides (e.g., magnetite, ilmenite)
tend to form iron hydroxides (e.g., limonite); the femic minerals (e.g. hypersthene) to
form chlorite (chloritization); and the feldspars (e.g., orthoclase, albite) to form clays

(kaclinization), The chemical analyses exhibit these trends indicating that some decom-. . .

position due to weathering has occurred.
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8. Moisture Contents

All tests were run on air-dried material, Oven-drying of-the air-dried soil at 230°F
yielded moisture contents commonly in the range of 0.2 to 0.6% (percent of dry weight
of soil),

9, Grain Size Distribution

Figure A-22 shows the range and average grain size distribution of this soil. The table
on this figure lists some of the grain size parameters investigated in this study.,

10, Density and Relative Density

The average relative density of Soil No. 6 is about zero, Figure A-23 shows the rela-
tionship between soil unit weight (density) and relative density for the RC2 soil, as deter-
mined by the method of test suggested by D. M. Burmister (c, pp. 175- 177). The solid
line represents the average of several tests on unused, undegraded soil, and the dashed
lines indicate the 95% confidence limits for the data,

11, Direct Shear Test Results

Figure A-24 shows the relationship between angle of internal friction and relative density
obtained from the direct shear tests.

The figure indicates that the angle of internal friction for Soil No, 6 is about 43°, The
complete data obtained from the direct shear tests is given in.Appendix C.

12, Sonic Velocity Test

The values of initial tangent modulus_yielded for-Soil No, 8 by this test is about 8000 psi
at a confining pressure of 4 psi (no correction made for Poisson's Ratio).

A detailed description of the test apparatus and procedures is given in Appendix B,

13. Soil Test Bed Placement Procedure
Soil No, 6 was placed using the hopper method, However, the soil handling was done hy

shovel rather than the vacuum system,
A-45
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Eigure A-24, Angle of Internal Friction (as determined by the direct shear test)
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14, Special Comments.

The average curves in Figures A-22 and A-23.are combined values of used and unused
soil, Since the soil was not handled using the vacuum system, no appreciable degrada-
tion effects were noted, The greatest variationin soil properties (e.g., grain size
distribution.and unit.weight) was due primarily ic-unavoidable segregation of particle
sizes (i.e., nonuniform grain size distribution with a goil bed and from test bed to test

. bed). This.variation accounts for the wide.range and confidence limits exhibited by this
L soil in Figures A-22 and A-23,

.~
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LM SOIL MECHANICS STUDY

SPECIFICATION FOR SOIL NO, 7

1. Bendix Designation: SS Loose

2, Description: White narrowly-graded silica sand.

3. Source: Wedron Silica Company
135 8. LaSalle Street, Chicago, Illinois 60603

4, Source Name: Wedron 4040 sand,

5. Chemical Analysis: *

Silica (S102)
Ferric | (Feg03)
Aluminum Oxide (Aly03)
Titanium Oxide (Ti09)
Calcium Oxide (Ca0)

Magnesium Oxide  (Mg0)

6. Petrological Description

99.9%
Trace
0.1%

Trace
Trace

Trace

Essentially pure quartz (silica) sand grains, rounded to subangular. It is mined from

the St, Peter Sandstone formation in Wedron, Illinois

Figure A-25 is a photomicrograph of the SS soil,

*Provided by supplier.

A-50




[10S SS ydesSoIoTwoyd "6g-y 948K
SJUSWDIOUT YoUu] Zg /1
U] pajenpeis) a[eas

A-51




v

(F Mineralogical Description

Essentially the only mineral present in this soil is quartz (silica),

8. Moisture Content

All tests were run on air-dried material, Oven-drying of the air-dried soil.at 230°F
yielded moisture contents commonly in the range of 0.2 to 0,6% (percent of dry weight
of soil),

g, Grain Size Distribution

Figure A-26 shows the range and average grain size distribution uf this soil, The table
on this figure lists some of the grain size parameters investigated in this study.

10, Density and Relative Density

The average relative density of Soil No. 7 is about zero. Figure A-27 shows the rela-
tionship between soil unit weight (density) and relative density for the SS soil.as deter-
mined by the method of test suggested by D. M, Burmister (¢, pp. 175-177). The solid
line represents the average of several tests and the dashed lines indicate the 95% confi-
dence limits for the data.

11, Direct Shear Test Results,

Figure A-28 shows the relationship between angle of internal friction and relative den- .
sity obtained from the direct shear tests, This figure indicates that the angle of internal
friction for Soil No. 7 is about 29,8°. _The complete data obtained from the direct shear
tests is given in Appendix C,

12, Sonic Velocity Test

The values of initial tangent modulus yielded for Soil No.. 7 by this test is about 10,000
psi at a confining pressure of 4 psi (no correction made for Poisson's Ratio)., A detailed
description of the test apparatus and procedures is given in Appendix B.
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f 13, Soil Test Bed Placement Procedure

Soil No, 7 was placed using the hopper method,

14, Special Conditions

This soil was not appreciably altered by degradation effects created hy testing or

handling with the vacuum system,

A-5H6




— e—— Gk R

LM SOIL. MECHANICS STUDY

SPECIFICATION FOR SOIL NO, 8

1. Bendix Designation: S8 Intermediate

2. Descr;ption: ‘White narrowly-graded silica sand.

3,  Source: Wedron Silica Company _
135 S, LaSalle Street, Chicago, Illinois 60603

4, Source Name: Wedron 4040 Sand.,

5. Chemical Analysis:*

Silica (8109)
Ferric Oxide (Feg03)
Aluminum (Al903)

Titanium Oxide (T102)> )
Calcium Oxide (Ca0)

Magnesium Oxide  (Mg0)

6.  Petrological Description..

99.9%
Trace
0.1%

Trace
Trace

Trace

Essentially pure quartz (silica) sand grains, rounded to subangular. It is mined from
the St. Peter Sandstone formation.in. Wedroy, illinois. Figure A-29.is a photomicrograph

of the SS soil.

*Provided by supplier.
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. Photomicrograph SS Soil

2 Inch Increments

9

Scale Graduated In

Y/

Figure A-
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7. - Mineralogical Description

Essentially the only mineral present-in this_soil is quartz (siiica)..

8. Moisture Content

All tests were run on.air-dried material, Oven-drying of the air-dried soil at 230°F
yielded moisture contents commonly in.the range of 0.2 to 0.6% (percentof dry weight
of soil),

9. Grain Size Distribution

Figure A-30 shows the range and average grain.size distribution of this soil. The table
on this figure lists some of the grain size parameters investigated. in. this study.

10, Density and Relative Density

The average relative density of Soil No. 8 is about 0.53. Figure A-31 shows the relation-
ship between soil unit weight (density) and relative density for.the SS soil as determined
by the method of test suggested by D. M. Burmister-(c, pp. 175-177). The solid line
represents the average of severzl tests and the dashed lines indicate the 95% confidence
limits for the data,

11, Direct Shear Test Results

Figure A-32 shows the relationship between angle of internal friction and relative den-
sity obtained from the direct shear tests..

This figure indicates that the angle. of internal friction for Soil No. 8 is about 36.,8°.
The complete data obtained from the direct shear tests is given in Appendix C.

12. . Sonic Velocity Test

The value of initial tangent modulus yielded for Soil No. 8 by this test is about 18,000
psi at a confining pressure of 4 psi (no correction made for Poisson's Ratio). A detailed
description of the test apparatus and procedures is given in Appendix B.
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13. Soil Test Bed Placement Procedure

Soil No, 8 was placed with a hopper and compacted with 8 passes of a roller,

14, Special Conditions

This soil was not appreciably altered by degradation effects ¢reated by testing or han-

dling with the vacuum system,

- ~
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LM SOIL MECHANICS STUDY

SPECIFICATION FOR SOIL NO, 9 o 4

1, . Bendix Designation: S8 Dense

2, Description: White narrowly-graded silica sand,

3. Source: Wedron Silica Company
135 S. LaSalle Street, Chicago, Illinois 60603

4,  Source Name: Wedron 4040 Sand.

. Chemical Analysis:*

Silica (S105) 99.9%

Ferric Oxide (Feq03) Trace. . 1
Aluminum Oxide  (Alg0g) 0.1%

Titanium Oxide (Ti09) Trace

Calcium Oxide - ~a0) Trace

Magnesium Oxide  (Mg0) Trace “

6.  Petrological Description

Essentially pure quartz (silica) sand grains, rounded to subangular, It is mined from
the_St. Peter Sandstone formation in Wedron, Illinois, Figure A-33 is a photomicrograph
of the S8 soil,

*Provided by supplier.
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7. Mineralogical Description

Essentially the only mineral present in this soil is quartz (silica),

8. Moisture Content

All tests were run on air-dried material, Oven-drying of the air-dried soil at 230°F p

yielded moisture contents commonly in the range of 0,2 to 0.6% (percent of dry weight

of.soil),

a, Grain Size Distribution

Figure A-34 shows the range and average grain size distribution of this soil, The table. .. ... ...
on-this figure lists some of the grain size parameters investigated in this study,

10.___Density and Relative Density

The average relative density of Soil No, 9 is about 0.69._Figure A-35 shows the rela-

tionship between. soil unit weight (density) and relative density for the SS soil as deter-
o mined by the method of test.suggested by D, M. Burmister (¢, pp. 175-177). The solid

line represents the average of several tests and the dashed lines indicate the 95% con-
- fidence limits for the data,

11. Direct Shear Test Results,

Figure A-36 shows the relationship between «.:gle of internal friction and relative den-
sity obtained from the direct shear tests, This figure indicates that the angle of internal

=
-
—
x
L]
}
-

friction for Soil No. 9 is about 39°, . The complete data obtained from the direct shear
tests is given in Appendix C,.

12, Sonic Velocity Test

The values of initial tangent modulus yielded for Soil No, 9. by this test is about 24,000
psi at a confining pressure of 4 psi (no correction made for Poisson's Ratio). A detailed
description of the test apparatus and procedures is given in Appendix B.
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Figure A-36, Angle of Internal Friction (as determined by the direct shear test)
Versus Relative Density for SS Soil
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13, Soil Test Bed Placement Procedure

14, Special Conditions

This soil was. not appreciably altered by degradation effects created by testing or han-
dling with the vacuum system,
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LM SOIL MECHANICS STUDY

SPECIFICATION FOR SOIL NO, 10

"1, Bendix Designation: LSM intermediate

2, Description: Mixture of red broadly-graded crushed andesitic volcanic scoria

(volcanic cinders) and light gray kaolin-type clay..

3. Source:

(a) Volcanic cinders-  Cinder Products Company
3450 Lakeshore Avenue, Oakland, California 94610 _ r

(b) Clay- Cedar Heights Clay Company
50 Portsmouth Road, Oak Hill, Chio

4, Source Name: 1
(a) Volecanic cinders - Volcalite
(b) Clay - Cedar Heights Airfloated Bonding Clay 1
5. Chemical Analysis: ™
(a) Volcanic cinders,
Volcalite* Hypersthene Andesite (a, p. 458)
Silica (Si09) 54,22 56.88
Aluminum Oxide (Al,03) 25,04 18,25 )

*Chemical analysis prov‘ided by ‘suppl_ier.
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}
| (a) Voleanic einders (Continued)
I' Volcalite* Hypersthene Andesite (a, p, 458)
Ferric Oxide____ (Feg03) 4,28 2,35
Caleiwn Oxide (Ca0) 5.58 4,07
Sodium Oxide (Na0) 1.61 3.29
Potassium Oxide  (K0) 0.41 1,42
99,25
(b) Clay
Ignition loss 9.4%
Silica 57.3%.
Alumina 28,5%
Iron Oxide 1.1% 4
Titania 2.0%
Lime 0.1%
Magnesia 0.2% 1
Alkalies 1.2%
Sulphur 0.2%

Total 100.0%

6. Petrological Description

(a) Volcanic cinders,

Highly porous volcanic (extrusive) rock of ""basic" composition.commonly =
termed volcanic scoria, A comparison of the chemical analysis provided

by the producer with other published analyses (a, pp. 456-466; (b, pp. 126-131)
indicates that the rock type is an andesite, )

“*Chemical analysis provided by supplier.
A-T2




(b) Clay.

The supplier. reports that this material is essentially a kaolin-iype clay.

The voleanic cinders (RC2 type) and clay are mixed 1:1.(by weight) to pro-
duce the LSM soil. Figure A-37 is a photomicrograph of the LSM soil,

7. .. Mineralogical Description +

() Voleanic cinders.

No mineralogic analysis of the test soil has been done, but 2 normative analy-
sis of the hypersthene andesite reported by Clarke (a, p. 458) gives the follow-

ing:
Quartz 9.1% i
Orthoclase 8.3%
Albite 27.8%
Anorthite 30.8% J
Diopside 5.3%
Hypersthene 13.2%
Magnetite 3.5% .
IImenite 0.8%

The reddish color of the RC soil would indicate that this material contains iron hydrox- -
ides .(e.g., limonite) rather than the magnetite and ilmenite referred to.in the norm
and probably constitutes a larger percentage of the RC. material than the iron minerals

used in the-example,

Decomposition due to weathering tends-to decrease the percentage of silica, calcium.

oxide and sodium oxide and increase the percentage of ferric oxides and aluminum oxide

(leaching, chloritization and kaolinization). The iron oxides (e.g.,magnetite, ilmenite)

tend to form iron hydroxides (e.g,, limonite); the femic minerals (e.g., hypersthene) to ‘
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form chlorite {chloritization); and the feldspars (e.g., orthoclase, albite) to form
clays (kaolinization), The chemical analyses exhibit these trends indicating that.some

decomposition due to weathering has occurred,

(b) Clay
No mineralogic analysis of the clay was done but the supplier reports that

the major component of the clay iskaolin,

8.  Moisture Content

All test were run on air-dried material, Oven-drying of the air-dried. soil at 230°F
yielded moisture contents commonly in the range of 0.2 to 0.6% (percent of dry weight

of soil),

9. Grain Size Distribution

Figure A-38 shows the range and average grain size distribution of this soil. The table
on this figure lists some of the grain size parameters investigated in this study.

10... Density and Relative Density

The average relative density of Soil No. 10 is about 0.5. Figure A-39 shows the rela-
tionship between soil unit weight (density) and relative density for the LSM soil as deter-
mined by the method of test suggested by D. M. Burmister (c, pp. 175-177). The solid
line represents the average of several tests, and the dashed lines indicate the 95% con-

fidence limits for the data,

11.___Direct Shear Test Results

Figure A-40 shows.the relationship between.angle of internal friction and relative den-
sity obtained from the direct shear tests. This figure indicates that.the angle of internal
friction for Soil No...10 is about 42°, The complete data obtained from the direct shear

tests is given in Appendix.C.-
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12, Sonic Velocily Test

The_value of initial tangent modulus was not obtaincd for Soil No, 10, Tests on LSM
soil with D, = 0,77 gave values of initial tange** modulus between 5,000 and 6,000 psi
at a confining pressure of 4.psi (no correction made for Poisson's Ratio), The esti-
mated initial tangent modulus for this soil is 4000 psi, A detailed description of the
test apparatus and procedures is given ir Appendix B,

13, Soil Test Bed Placement Procedure

Soil No. 10 was placed with a hopper but was handled by shovel rather than the vacuum
system. Each layer (covered with a strip of cardboard) was rolled two times (one pass
back and forth in the bin),

14, Special Conditions

The values of angle of internal friction obtained for the loose. and dense LSM soil in the
direct shear test were essentially the same - about 40° to 45°, This was due to the jact
that the loose soil tended ta densify upon application of the normal load,

For this reason it was not possible to construct-a @ vs, Dy curve, The scatter band
shown in Figure A-40 is the estimated range of ¢ for D, values ranging irom ,40 to
1,00 based on examination of the direct shear test resuits.




LM SOIL MECHANICS STUDY
SPECIFICATION FOR SOIL NO, 11

1. Bendix Designation: LSM Dense

2, Description: Mixture of red broadly-graded crushed andesitic (volcanic cinders)

and light gray kaolin-type clay.

3. . Source:

(&) Volcanic cinders - Cinder Products Company
3450 Lakeshore Avenue, Oakland, California 94610

(b) Clay - Cedar Heights Clay Company
50 Portsmouth Road, Oak Hill, Ohio

4, Source Name:

(a) Volcanic cinders - Volealite .. __

(b) Clay - Cedar Heights Airfloated Bonding Clay.

o, Chemical Analysis

(a) Volcanic cinders.

Volcalite* Hypersthene Andesite (a, p. 458)
Silica (SiOz) 54,22 26,88
Aluminum Oxide (Alg03) 25,04 18.25

*Chemical analysis provided by s"upplier.
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(a) Volcanic cinders (Continued)

Volcalite* Hypersthene Andesite (a, p. 458)

Ferric Oxide (Feg0a) 4,28 2.35

Calcium Oxide (Ca0) 8.11 7.53

Magnesium Oxide  (Mg0) 1,81 3.29

Potassium Oxide (K50) 0.41. 1,42

.é.é.:é.g. _—

(b) Clay

Ignition loss 9,4%
Silica 57.3%
Alumina 28.5%
Iron Oxide 1.2%
Titania 2.0%
Lime 0.1%
| Magnesia 0.2%
Alkalies. 1.2%
Sulphur 0.2%

[

Total 100.0%

6, __ _Petrological Description

(a) Voleanic cinders

Highly porous volcanic (extrusive) rock of "basic" composition termed vol-
canic scoria. A comparison of the chemical analysis provider by the pro-
ducer with-other published analyses_(a, pp. 456-466; b, pp. 126-131) indicates
that the rock type is an andesite..

*Chemical analysis provided by supplier..
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() Clay

The supplier reports that this material is essentially a kaolin-type clay,

The volcanic cinders (RC2 type) and clay are mixed 1:1 (by weight) to produce the LSM
soil, Figure A-41 is a photomicrograph of the LSM soil.

7, Mineralogical Description

(a) Volcanic.cinders.

No mineralogic analysis of the test soil has been done, but a normative ana-
lysis of the hypersthene andesite reported by Clarke (a, p. 458) gives the

following:
Quartz 9.1%
Orthoclase 8.3%
Albite. 27.8%
Anorthite 30.8%
Diopside 5.3%
Hypersthene 13.2%
Magnetite 3.5%_
Ilmenite 0.8%

The_reddish color of the RC soil would indicate that this material contains iron hydrox-
ides (e.g., limonite) rather than the magnetite and ilmenite referred to in the norm__
and probably constitutes.a larger percentage of the RC material than the iron minerals

used in the example,

Decomposition due to weathering tends to decrease the percentage of silica, calcium
oxide and sodlum oxide and increase the percentage of ferric oxides and aluminum oxide
(leaching, chloritization.and kaolinization), The iron oxides (e.g., magnetite, ilmenite)
tend to form iron hydroxides (e.g., limonite); the femic minerals (e.g., hypersthene)
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to form chlorite (chloritization); and the feldspars (e.g,, orthoclase, albite) to form
clays (kaolinization), The chemical analyses exhibit these trends indicating that some
decomposition due to weathering has occurred,

(b} Clay

No mineralogic analysis of the clay was done but the supplier reports that

the major component of the clay is kaolin,

8. Moisture Content

All.tests were run on air-dried material, Oven-drying of the air-dried soil at 230°F
yielded moisture contents commonly in the range of 0.2 to 0,6% (percent of dry weight
of soil).

9, Grain Size Distribution

Figure A-42.shows the range and average grain size distribution of this soil. The table
on this figure lists some of the grain size parameters investigated in this study,

10. Density and Relative Density

The average relative density of Soil No. 11 is about 0.70. Figure A-43 shows the rela-
tionship between soil unit weight (density) and relative density for the LSM soil as
determined by the method of test suggested by D. M. Burmister (¢, pp. 175-177). The
solid line represents the average of several tests and the dashed lines indicate the 95%
confidence limits for the. data,

11, Direct Shear Test Results

Figure A-44 shows.the relationship between angle of internal friction and relative den-
sity obtained from the direct shear tests, This figure indicates that the angle ofinternal
friction for Soil No. 11 is about 38.3°, The complete data obtained from the direct shear
tests. is given in Appendix C,
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12, _Sonic Velocity Test

The values.of initial tangent modulus for Soil No, 11 by this test 6,000 psi at a confining
pressure of 4 psi (no correction made for Poisson's Ratio). A detailed description of
the test apparatus and procedures is given in Appendix B,

13._ _Soil Test Bed Placement Procedure

Soil No, 11 was placed with a hopper but was handled by shovel rather than the vacuum
system, Each layer (covered with a strip of cardboard) was rolled six times (three

passes back and forth in the bin).

14, Special Conditions

The values of angle of internal friction obtained for the loose and dense L.SM soil in the
direct shear were essentially the same - about 40° to 45°, This was due to the fact that
the loose soil tended to densify upon application of the normal load,

For this reason it was not possible to construct 2 ¢ vs, D;, curve. The scatter band-

shown in Figure A-44 is the estimated range of ¢ for Dy values ranging from .40 to
1,00 based on examination of the direct shear test results.
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LM SOIL MECHANICS STUDY

SPECIFICATION FOR SOIL NO, 12

1. Bendix Designation: RSM-b Dense,

2. Description: Mixture of red narrowly-graded crushed andesitic volcanic scoria

(volcanic cinders) and white narrowly-graded crushed marble,

3. Source:

(a) Volecanic Cinders- Cinder Products Company
3450 Lakeshore Avenue, Oakland, California 94610

(b) Crushed Marble-  Terrazzo Marble Supply
5700 S. Hamilton Street
Chicago, Illinois 60636

4, Source Name: 1
(a) Volecanic Cinders-Volcalite_
(b) Crushed Marble - #10 Georgia special white marble chips

5.  Chemical Analysis: |
(a) Volcalite Cinders A

Volcalite* Hypersthene Andesite (a,_pp. 455-466)

Silica (Si0g) 54.22 . 56,88
Aluminum Oxide (Alg04) 25.04 18.25 1
Ferric Oxide (F¢203) 4,28 2.35 ,

*Chemical analysis supplied by producer,
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(1) Voleanic Cinders. (Continued)

Volcalite* Hypersthene Andesite (a, pp, 456-466)

Calciun Oxide ... {Ca0) 8.11 7.53
Magnesium Oxide  (Mg0) 5.58 4,017
Sodium Oxide (Na0) 1,61 3,29
Potassium Oxide  (K90) 0.41 1,42

m —_—

(b) Crushed Marble:

No chemical analysis available but primarily calcium carbonate (CaC03).

6. Petrological Description

(a) Volcanic Cinders,

Highly porous volcanic (extrusive) rock of '"basic" composition. Commonly
termed volcanic scoria. A comparison of the chemical analysis provided

by the producer with other published analyses (a, pp. 456-466; b, pp. 126-131)
indicates that the rock type is an andesite,

(b) Crushed Marble,

Marble is-a crystaline compact variety of meta:norphosed sedimentary lime-
stone,

The volcanic cinders and crushed marble are mixed in the ratio of 1:3, respectively,
by weight, Figure A-45 is a photomicrograph of the resulting RSM,

7. Mineralogical Description

(&) Volcanic Cinders,

*Chemical analysis supplied by producer,
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No mineralogic analysis of the test soll has been done, but a normative
analysis of the hypersthene andesite reported by Clarke (a, p. 458) gives

the following:

Quartz 9,1%
Orthoclase 8,3%
Albite 27.8%
Anorthite 30.9%
Diopside 5.3%
Hypersthene 13.2%
Magnetite 3.5%
Ilmenite 0.8% .

The reddish color of the RS soil would indicate that this material contains iron hydrox-
ides (e.g., limonite) rather than the magnetite and.ilmenite referred to in the norm
and probably constitutes a larger percentage of the RS material than the iron minerals

used in the example,

Decomposition due to weathering tends to decrease the percentage of silica, calcium
oxide and sodium oxide and increase the percentage of ferric oxides and aluminum oxide
(leaching, chloritization and kaolinization). The iron oxides (e.g., magnetite, ilmenite)
tend to.form iron hydroxides (e.g., limonite); the femic minerals (e.g., hypersthene) to
form chlorite (chloritization); and the feldspars (e.g., orthoclase, albite) to form clays
(kaolinization). The chemical analyses exhibit these trends indicating that some:.decom-

position due to weathering has occurred,

(b) Crushed Marble,

No mineralogic analysis of the marble was done but it consists primarily of

calcite,
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8, Moisiure Content

All tests were run on air-dried material, Oven-drying of the air-dried soil at 230°F
yielded moisture contents commonly in the range of 0,2 to 0,6% (percent of dry weight

of soil),

g, Grain Size Distribution.

Figure A-46 shows the range and average grain size distribution of this soil, The table
on this_figure lists some of the grain size parameters investigated in this study. All
data shown is for unused, undegraded material,

10. Density and Relative Density

The average relative density of Soil No, 12 is about 0.75, Figure A- 47 shows the rela- '
tionship between soil unit weight (density) and relative density for the RSM soil as
determined by the method of test suggested by D, M, Burmister (c, pp. 175= 177).

11. Direct Shear Test Results — }

Figure A-48 shows the relationship between angle of internal friction and relative den-
sity obtained from the direct shear tests.

This figure indicates that the angle of internal friction for Soil No. 12 is about 37°. ]
The complete data obtained from the direct shear tests is given in Appendix C.

12. Sonic Velocity Test

No determination of initial tangent modulus was made for Soil No, 12, Based on the
results of tests with other soils the modulus is estimated to be in the vicinity of 20,000

psi.

13. Soil Test Bed Placement Procedure

Soil No. 12 was placed by shovel and rolled with 10 passes per two inch layer using the
lawn roller equipment,
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z 14, Special Commeits

T_ The RSM-b soil is susceptible to particle breakdown or degradation due to handling and
{ : testing, Such degradation leads to changes in some soil properties, unit weight in par-
| ticular. If the handling method is such that this process cannot be prevented, or the
soil cannot be replaced when these effects become prominent, periodic sampling of

the soil bed should be made in order that the effects be known quantitatively.
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APPENDIX B

‘ The determination of the sonic modulus_of the test scils was subcontracted

by Bendix to the IIT Pesearch Institute at Chicago,_lllinois. Appendix B

is a complete reproduction of the final report prepared by IITRI, which

explains the test equipment and procedures used and the results obtained,
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1 FOREWORD

This report represents the final report on IIT Research
Institute Project No, M6175 for Bendix Products Aerospace
Division under P. 0. No. 5800191M.. The work reported herein
was performed during the period November 9, 1966 to January 6,
1967. Persons who contributed to this work are J. D. Nelson,
R. D. Rowe and E, Vey,.

Respectfully submitted,
IIT RESEARCH INSTITUTE
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John D. Nelson
Research Engineer
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Assistant Director of Research
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DETERMINATION OF THE INITIAL TANGENT MODULUS

A, INTRODUCTTION

The measured initial tangent modulus of soil is highly
dependent on the manner in which it is measured., Values
measured directly by static triaxial compression tests will generally
differ by an order of magnitude from those obtained indirectly

by the measurement of stress wave propagation velocities,
Furthermore, the determination of the stress~strain curve under
dynamic loadingl ylelds values of the modulus that may differ

by as much as a factor of 4 from. those computed from the velocity
of wave propagation.

Tt is difficult, therefore, to ascertain the actual
value of the initial tangent modulus for soil, but it is
generally believed that the value computed from the stress wave
velocity represents most closely the actual value.

This report describes experiments in which a stress
wave was passed along a triaxial soil specimen and the wave
velocity measured by stress gages located at each end of the
sample. The initial tangent modulus was then computed from the
measured wvelocity.

B. APPARATUS AND EXPERIMENTAL PROCEDURE
The apparatus used in this investigation2 is shown.in

Fig., 1. The stress wave was generated by a shock tube using

compressed air. The time required for the wave to traverse the
specimen was determined by displaying the output of stress gages
on an oscilloscope and measuring the difference between arrival

i%ey, E, and L. Strauss, "Stress-Strain Relationships in Clay

Due to Propagating Stress Waves', to be published,

2Selig, E. T. and E. Vey, "Shock-Induced Stress Wave Propagation

in Sand", J. Soil Mech. and Found. Div., ASCE, Vol. 91, No. SM3,
Proc, Paper 4332, May 1965, pp. 19-49.
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times at each position, Plezoelectric stress gages were mounted
at each end of the specimen. The one at the forward end was
cemented to the outside of the sample (Fig. 2) and the one at
the reaction end was mounted on the inside face of the end plate,

The loose samples were prepared by pouring the soil
through a funnel with a slotted end. To obtain dense samples
the soil was vibrated by means of a small vibrating plate during
preparation (Ref., 2).

The confining pressure was .applied to the sample by
applying a partial vacuum to the sample inside a rubber diaphragm.
geveral measurements were made on each sample at different con-
fining pressures. The axial stress applied to the specimen was
controlled by pressurizing the driver end of the shock tube to
the same pressure each time. The peak stress applied to the
sample in this way was somewhat less than 2 psi.

C. RESULTS
The initial tangent modulus was computed by the
equation
E = pc? (1)
where

E 1is the initial tangent modulus
o 1is the mass density
c is the velocity of stress wave propagation,

The values. so determined were plotted as a function of confining
prassure, Jg, and are shown in Fig. 3 through 7 for the different
soils,

The results appear quite reasonable and show a
decrease in modulus with a decrease in confining pressure and/
or density. The results for the LSM soll may be somewhat
questionable because of difficulties encountered in applying a
uniform confining pressure aleng the specimen length. The
permeability of this particular soil was quite Llow and hence,

11T RESEARCH INSTITUTE




there appeared to be a pressure gradient from one end of the
specimen to the other. For this reason the actual Neffective'
confining pressure could not be determined.

This problem was naot encountered in any of the other
soils.

D. DISCUSSION OF RESULTS

The modulus as computed from Eq. (1) neglects lateral.
effects »nd is valid only for a soil in which no lateral straln
is permitted. For a more general case the wave velocity would
be given by the equation

£ = o (1t%%stszgl 2)

in which v is Poisson's ratio. The factor:

14v) (1=2v

E(v) = L (3)

was plotted as a function of v in Fig. 8. It can be seen that
for values of v less than 0,20 the error introduced by neglect-
ing this term is less than 10 percent. However, it is recom=
mended that measurements be made of v for the various soils to
determine the extent to which this term would be expected to
influence the results.
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Fig. 1 APPARATUS FOR MEASUREMENT OF
STRESS WAVE VELOCITY
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APPENDIX C

DIRECT SHEAR TEST DATA

The direct shear test data presented in this appendix was obtained from tests performed
by the Civil Engineering Department of the University of Notre Dame under the super-
vision of Dr. Bruce B. Schimming, Associate Professor. One exception on Figure C-5A

is noted.

Figures C-1A through C-7B are the data sheets and failure envelopes for the original
series of tests performed on the test soils, Figures C-8 through C-15 present the failure

envelopes plotted by the Univac 1107 computer on a CAL-COMP PLOTTER at Notre Dame.

Where more than one series of tests were performed on a given soil, the figures are
numbered "A M "B, "C " etc., and the last figure in the series represents a combined

plot of all tests.

Finally, Figures C-16 through C-22 show the relationship between angle of internal fric-
tion and relative density indicated by the direct shear tests for each soil. Figure C-23

plots the average relationship for all soils except soil number 10.
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Figure C-17. Angle of Internal Friction.vs. Relative Denslty
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APPENDIX D

FULL-SCALE LM FOOTPAD DRAG TEST FACILITY DESIGN

D.1 INTRODUCTION

A detail design study was performed for the construction of a large drag test facility to
accommodate tests on a full-scale simulated LM footpad.in selected soil materials.
Because .of changes from the original program requirements, this effort was. not carried.
through actual hardware fabrication. However, each. of the three basic equipment com-
with a minimum of necessary additional design expenditure. This Appendix describes
the equipment design that resulted from this study,

The full-scale test:facility was intended to complement the subscale drag test equipment
used.during the program. The requirements. included providing the capability for.con-. }
ducting either constant penetration or constant.load footpad drag fests at any steady-state
velocity between 2 and 15 feet/second, with footpad penetrations up to two feet.

Figure D-1 portrays an artist's impression of the facility installed over-a soil test bed..
The figure of.a six-foot technician permits.a. realistic evaluation of scale. Floor space
requirements. are-approximately. 60 feet by 12.feet, while maximum height_required.is
less.-than 12 feet. Multiple teat stations or additional soil test beds would. increase the -
width requirement proportionally. Figure D-2 is a design layout of this same installa-

tion..
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The major components of the facility are:

*1.__The hydraulic power/control unit including actuator and electrical controls,

2. The carriage and gantry structure to support and guide the instrumented strut
and landing pad over the soil test beds, and

3.  The instrumented strut and full-scale simulated LM footpad.

The =oil bed consists of a rectangular.concrete pit approximately 10 feet wide by 24 feet
long and 5 feet deep.. Massive foundations form the ends and serve as supports_for the
gantry. Other hardpoints, located in line with the pit, are.used to anchor the.power cylin-
derand related control system. For multiple installations, several pits_may-be individually
located adjacent one to another or-may be formed from a single wide bed with longitudinal
partitions. The.pits would be filled to.floor level with specific. granular materials and
renovated or_recompacted prior to each test run by means of the appropriate soil bed

preparation.equipment.

General requirements of strength, rigidity, safety, serviceability, and convenience of
operation formed the basis for design of all major components of thefacility. In addition,

detail requirements were established to govern the design of the power/control unit based ‘

on desired test system operational capabilities. Those requirements that reflect the

system performance-are summarized below,

1. System to be capable of propelling the test carriage horizontally over a pre--
scribed (test run) distance at any desired constant velocity: between 2 feet/
second and 15 feet/second. The carriage velocity attained during the test
run is to be maintained within +0.1 foot/second.

*Design of the Power/Control Unit was accomplished by the Bendix Missile Systems
Division, Mishawaka, Indiana, to meet technical requirements established by the Energy
Controls. Division. This work was performed between June and October 1966, under.a-
working arrangement between.the two Bendix Divisions. .
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2. . The:steady-state velocity actually attained during any test run is to be within
0.25 foot/second of the velocity desired (programmed).

3. The maximum axial. (drawbar) load.on the actuator is 7,000 pounds. with a
superimposed +10 percent load fluctuation.

4, Total actuator stroke (carriage travel) to be 21 .feet, .Acceleration and..
deceleration to be accomplished within-the first and last three feet of
carriage travel, respectively, with the constant velocity test run using the:
remaining 15~foot distance.

0. Smooth transition to be effected between acceleration and steady-state
velocity conditions.

Although a hydraulic power and control system was originally proposed as.a means of
propelling the drag test carriage, final choice.of this particular method resulted from a
feasibility study that also considered various electrical and mechanical drive arrange-=
ments. The selection was based chiefly on factors relating to availability and size of
hardware to handle the extreme power requirements plus anticipated development problems
and their cost in dollars and schedule in view of the velocity control and accuracies de-
sired.

The design of each of the major facility components was carried.as far as practical for
study purposes and is believed consistent with the scope of effort intended.by the NASA __
Work Statement requirements. Although certain.areas of the system require some further
definition,.this can best be accomplished after installation site.and fabrication.sources

and methods are established. The more significant of these-areas are noted inthe xe--
spective sections.

It should.also be noted-that during early phases of the full-scale-system design, a survey
of a_number of existing large drag test facilities was made to determine their availability -
and their.adaptability to the full-scale footpad test requirements. Of those contacted,
none.available could accommodate the specific test requirements without significant |
modification.
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The following paragraphs, D.2, D.3, and-D.4 describe each of the three major system.
components; D.5 describes operating procedures.for the equipment and ~ inparticular -
the power/control system; D.6 lists design and manufacturing drawings that resulted
from the study; and D.7 presents analytical predictions of system performance.

D.2 DESCRIPTION AND OPERATION OF THE POWER/CONTROL UNIT

The hydraulic power/control.unit provides and controls the drawbar force  that moves
the strut/footpad and carriage assembly through the acceleration, constant.velocity, and
deceleration phases of its transit across the soil bed. The unit consists, essentially, of
a.21-foot stroke hydraulic actuator powered'by a high pressure oil supply tank with.
related. accessories and flow controls, integrally mounted onto a.single mobile frame-.
work. The flow controlling elements of the system.were developed through analysis to
meet the performance requirements summarized:in paragraph D.1.

Figure D-3 illustrates the general configuration of the unit. The roller piatform_arrange.-

ment permits precise alignment of the.power/control unit and gantry/carriage-interface

and facilitates repositioning the system to any of several adjacent soil beds, The plaf-

form and subframe structure are designed to prevent excéssive loading and deflection of

the power cylinder and other critical components during movement from one hed to

another. During tests the unit.is secured in pésition by anchoring the actuator to the

floor.at the.three saddle supports shown. A fourth anchorage (not shown) would extend
horizontally from the end of the power cylinder to restrain the system against the draw- .
bar_load.

Except for adjustment of the high pressure nitrogen storage cylinder regulator valve, all
operational functions of the system are effected at the main control panel.

The actuator (or power cylinder) is of relatively conventional design except for its length.
The steel ¢ylinder provides.a 21-foot usable stroke for the five-inch diameter_piston,.is.
cushioned at the blind end, and adapted for high flow rate inlet and outlet.connections. .
The piston.rod extends. through a standard high.pressure-seal and terminates in a fitting
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that allaws quick disconnect from the- drawbar which is attached to the carriage. After
2 test ‘run.the;carriage;m_gstvba disconnected and manually: returned to its.starting posi-
tion, since the actuator.is designed to power the system only during its compression. -

stroke.

The power/control system is essentially self-contained with all hardware ~ including
plumbing, gaging, valving and electrical components - mounted on the.wheeled support
structure. Wherever possible, standard off-the-shelf and commercially available hard- . _
ware is .used to minimize cost, procurement, and servicing problems. All components - -
whether purchased or designed - conform to industry accepted.safety and performance-
standards or codes, such as APIvalve-and pipe ratings, ASME unfired pressure vessel
code, or.UL approval.on electrical fittings.

A schematic diagram of the power/control unit hydraulic system is shown.in. Figure D-4._

The actuator operating force is generated by compressed nitrogen gas at 2,000 psi acting
upon the surface of hydraulic oil within a 20-cubic-foot pressure storage tank (9). During
operation, oil flows from the pressure tank through a control valve (6) to the-actuator
inlet port.to.power the: piston. Displaced oil in the actuator discharges.through the
"Annin' valve (14) into the-supply/discharge tank (1). A_4-gpm electric powered pump
(8) draws oil from the.discharge tank to extend the piston and refill the pressure. storage:
tank after test. To.reduce potential hazard,the hydraulic system is normally kept un-.
pressurized except immediately prior ta.and during-a.test run.

The operational phases. of actuator piston motion (i.e., acceleration, constant velocity,
and deceleration) are. jjoverned by two separate --but interdependent -.flow control units.
Acceleration and deceleration is.accomplished by the. programmed opening. and closing,.
respectively, of the air operated Annin valve (14),. The required footpad velocity versus
displacement profile (i.e., steady-state velocity) is_achieved by the.high-response control
valve. (6) which.programs the rate of oil flow to the actuator. Flow.rate is governed by
both the control valve-pneumatic setting and the metering orifice selection.
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The design of the controLvalve is based on a previously developed high-response fuel
flow regulator that was successfully employed by Bendix in a missile fuel control system.
This regulator-is toq small to accommodate the test facility actuator flow requirements,

however, the proven concepts and analysis techniques developed. during its design were ... f

applicable to the control valve design and to the detailed analytical study of.the_system.

Although no.attempt is mad2-here to_describe details.of the.analytical procedures used,

it is noted that hoth analog-and digital computer. simulations were. employed using a.care=-
fully developed mathematical model of the opén-loop. control system. This analysis.was
directed toward evaluating the hydraulic system dynamics, predicting _system.performance,
calibration, and optimizing hardware, including critical sizing and arrangement of the

control valve components.

The analytical stidy was. carried as-far as practical without_benefit of experimental re-

sults and, as shown in paragraph D.7, provides good indication that the desired performance-

requirements can be met. However, this can be fully realized only through a subsequent
development phase-when the-actual control valve and other hardware.components are
made available. At.thattime, any deviations between hardware test results and charac- -
teristics assumed in the mathematical model would be evaluated and incorporated.into
the model for further detailed analysis. An.important output of_the final analysis will be
the calibration data for use-in.selecting the proper metering orifice and control valve
pneumatic-setting necessary for-programming the control valve to accommodate specific

test velocity and load requirements. ... ...

The.control system is essentially open-loop in that there is no- direct signal feedback to .
the valve from the.moving carriage.. However, closed-loop features are employed from .
the standpoint that flow to.the power —cylinder, which.is proportional to-carriage ‘movement,.
is.sensed and used to regulate the-control valve. This approach, followed in the interest .
of economy-and.simplicity, appears adequate based on.analysis results.thus far. If ex-
perimental results disagree either of several closed-loop-designs. could be incorporated

without_major redesign.of the system..
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Eigure D-5 illustrates the.schematic.arrangement of the control valve,. A functional

description of this unit and other active elements of the flow control.system.can hest be
presented if a typical test run is assumed. In order to preserve.continuity, some re-
dundancy with prior discussions is necessary, and reference.is.made to both Figures.
D-4 and D-5.

Immediately prior to test, the entire hydraulic system (Figure-D-4) is charged t0-2,000.. ... . ... .
psi.by pressurizing the high pressure storage tank (9). -At this time the actuator piston

is fully extended, the Annin valve (14) is closed, and the control valve ports (Figure D-5)

are held open by the regulated air pressure acting on-the constant force piston.

The. following conditions would exist after pressurization and at.any time prior to the
moment of actual "firing." -

Full hydraulic pressure. exists on both faces of the actuator piston (18). Due to the

piston.rod cross section there is.an area.differential between the head and rod faces of
the piston. This inequality results in a force unbalance-across the piston tending to hold . ___ f
it in the extended position (to the right, in Figur2 D-4). _ _

The control.valve (8) is situated. between the pressure storage tank and the powexr cylinder
supply port. A fixed metering orifice is located immediately downstream from the ]
control valve. It is one of a set of four:which.can be selected and assembled into the-
circuit to meet specific velocity requirements.

The:control valve consists. of a sliding tubular.element with eight identically contoured.. .. .. .

ports piercing the walls and forming variable orifices in conjunction with the.lip_of an
annular groove-inside the valve sleeve. .The valve.is hydraulically balanced or nonpres- |
sure.sensitive, since the driving web is perforated to allow pressure equalization. '

Two separate control devices serve to position the control valve. The first consists of... .. ... o]
a constant force.pneumatic piston and push rod which tends. to-hold the valve against.its..
wide open or maximum flow stop. (The air pressure to the constant force piston is set

A
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at the air pressure regulator(7) during test preparations-and remains.constant through-~

out the run) The-second is arelatively small diameter control valve piston, solidly
attached to the. control valve. . It.is sensitive to the differcntial pressure between the valve
chamber upstream of the metering orifice and, through a secondary 'feedback orifice,’

to the conduit below the metering orifice... This pressure differential, modified by the
scheduled leakage or-circulation past the piston itself, is transmitted.as a force tending..
to modify the-control valve position during operation.

Although the control.valve is subject.to full hydraulic. pressure and, in addition, is.held
in the wide.open position by the pneumatic._piston prior to "firing ' the forces across.the
control pistonarezerosince there is neither oil flow nor pressure drop in the circuit.

A pneumatically-loaded accumulator (15) and a solenoid actuated, programmed, quick. .
operating (Annin) valve (14) are located beyond the discharge, or retraction end of the
power_cylinder. This valve is the component which maintains the system under pressure .
pefore firing and initiates the entire operational sequence after firing. .

The following sequence-is.initiated immediately upon firing or beginning a drag test

"run. (Refer to Figure D-4.) L p
The solenoid valve (12), activated by the firing circuit, releases high pressure-nitrogen. .
to a valve aperator cylinder which, in turn, opens the Annin valve (14) through its full
scheduled.range in a matter of milliseconds. The programmed flow of oil.through the
valve to the discharge drum (1) results in a.rapid.pressure reduction in the actuator
cylinder below the power piston (18).. The differential caused by the deterioriating pres-
sure-at the piston face and.the sustained.high pressure at.the rod face causes a force .
transition across the power-piston.. As the differential.increases, the -power_piston starts .
to accelerate toward the retracted end of travel and tc draw the gantry carriage and foot-
pad across the soil test bed. The power piston acceleration response is slower than the
differential pressure_rate of change across the piston...To prevent cavitation and resulting
instability of the cylinder,the pressure drop is modified by the influx of.a_-measuied
volume of oil discharged. from.the.pneumatically-loaded accumulator (15)..- q

D-13
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Initially, the motion of the actuatoxr piston is determined by the programmed opening of
the Annin.valve (34), but within a few milliseconds the control valve (8) becomes func-
tional and agsumes regulation of the steady-state travel phase,

Simultaneously with the start of power piston travel, pressurized oil from the supply

tank .begins to flow through the control valve_and metering orifice toward the actuator

supply port. As the rate flow increases, there is a corresponding pressure drop across
the_metering orifice. Although this deerease.in pressure is communicated to.the rod

face-of the power piston, the pressure on the opposite face is decreasing at a still faster = =
rate and the-power piston continues to accelerate. _

Tyl

The precise diametrical fit between the control valve piston.and its body forms a constant
area orifice and leakage path for pressurized oil flowing through the control valve. The
oil pressure drops as .oil leaks past the piston and coatinues through the_feedback orifice
to_discharge into the.lower pressure flow of.the main.conduit elow the metering orifice.
The pressure drop across the control piston applies a closing force to the control valve
oppusing the opening force exerted by the constant-force pneumatic piston.. Thus, as oil
flow through. the control valve increases to accelerate the power piston, the control valve
piston tends to-reduce the valve opening (and retard the flow) to-approach a steady-state

q rate of actuator piston travel.

'The transition of flow control f{rom Annin valve to control valve occurs during the initial
two or three feet.of acceleration after which the control valve maintains-the carriage and.
footpad at a constant rate.of transit as programmed by the metering orifice: selection and
the constant-force pneumatic piston pressure setting.

At the termination of 15 feet of piston-carriage steady-state travel (18-feet of total R
travel), the moving components.are decelerated following a sequence-in-the reverse order |
of acceleration, as described below.

As the gantry carriage passes the 18-foot total travel position, it breaks an elecirical.
circuit to_the programmed (Annin) valve_solenoid. The scheduled rate of valve closure.

D-14

]




causes the pressure to rise_ahead of the moving power piston, tending to decrease the
3 differential pressure across the piston.

Rate .of oil flew.through the metering orifice and control valve decreases.as the. power
} piston decelerates. The conlrol valve senses thé reduced drop across the metering
orifice and moves toward its open position to maintain the rate of oil flow. Since. the.
rate of pressure.increase ahead of the power piston-is higher than the capability of the
control piston to increase the flow behind the piston, the differential pressure continues

.

4 .| to approach zero and to further decelerate the moving components.

, The rising pressure between the actuator piston and closing Annin valve diverts a portion
E ‘- of the oil volume to the accumulator to minimize hydraulic: shock.

Differential pressure degradation, friction, and drag loads combine-to bring the system
to.a full stop in less than three feet.of decelerated travel. For additonal safety other
hydraulic and/or mechanical damping devices would also be installed on the gantry or at

end of the soil bed to assist deceleration and limit the travel of the carriage.

During the constant velocity phase of carriage mction the steady-state velocity control
is effected as follows.

Load fluctuations.cn the moving footpad are transferred as velocity variation impulses to

the actuator piston, with increased drag loads momentarily decreasing the piston velocity.

This results in a.slight decrease in pressure differential.across the metering orifice

which is sensed by the control valve piston. The-piston moves toward.its open position
to increase control valve flow and, correspondingly, to.increase and restore the actuator
piston velocity toward its previous steady-state value.

The increased flow.results in proportionate increase.in pressure differential across the__
metering_orifice with a corresponding closing movement of the.control valve piston to
stabilize the oil flow at its programmed value.

Ly e
]
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Paragraph.D.5.of this Appendix-describes. the procedures. for activating and.operating _
the power/control system based on.the system.description.given. _Paragraph D.T presents
results. of analytical studies that predict system performance, however, as noted earlier,
further development of the system is necessary before actual performance to the design
requirements can he assured. Control valve and other system hardware should be prc~
cured, tested and experimental results used to refine the computer: analysis.. Further
analytical studies could then be- directed toward determining actua: performance charac-
teristics, system optimization, and final sizing of hardware.

D.3  THE CARRIAGE AND GANTRY STRUCTURE
T d

The gantry, shown in Figure.D-6, is a.m structural bridge which spans the soil.test
beds and provides a sturdy track and sliding carriage to support and guide the strut.and.
footpad during test operations. A 31-foot long structure is required to accommodate a
24-foot soil test bed which allows. 21-foot maximum transit for the footpad.

Each. of the two.main side frames of the gantry is made up of three-longitudinal steel
beams. The upper and middle elements have an angle cross section and are 3-1/2 inches
wide- by. & inches. deep while the.lower element has a channel cross.section and is 3 inches
wide by 12 inches.deep to insure a rigid support for-the guide rail. The rail consists of-
a_31-foot long, 5-inch diameter seamless steel tube bolted through "T" section stand-offs
to the channel inner surface. A system of vertical and diagonal three-inch steel angles
complete the truss.

The.side frames are-spaced 36-inches apart and are joined by a horizontal truss system

of three-inch angles at the middle channel to insure lateral stiffness. _The top channels.

are connected.by-a series of fwo-inch. diameter pipes incorporating welded-one=inch

diameter threaded studs projecting from either-end. Double nuts on the studs permit the-_
introduction of sufficient deflection into.the side trusses to establish a 27-inch.mean center- _.
line spacing between the guide rails. This-verniering capability during fabrication:will. ...
enable rail alignment to insure free passage. for the carriage. ..
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The carriage is a rectangular five~foot long frame of welded 2-3/4~ by 10-inch steel
channels.. Each.corner is_carried on a spring-loaded, elastomeric-isolated, tubular=

bronze slide pivoted, for self-alignment, ona.1-1/2-inch diameter-pin. The slides en-
circle a 300° arc of-the guide rail circumference and incorporate appropriate lubricant
grooves and wipers, (Refer to Figures D-7 and D-8.)

A rectangular 18- by 18-inch opening through the center of the carriage furnishes
facilities for securing the upper end of the strut and allows space for instrumentation

cables and air hoses. A substructure below the carriage provides & yoke for the power.

piston drawbar coupling and a secondary strut attachment. L
The ends-of the gantry bridge are supported on a pajr. of angle-reinforced seven=foot,
eight-inch wide bipods fabricated from.-1/2-inch structural plate. A normally retracted
eight-inch diameter wheel is located.near each corner. Each wheel.is equipped with
needle bearings and is mounted.on an eccentric shaft.. The shaft itself is mounted on
needle bearings. through a welded boss on the end plate:

During normal test operations, with the wheels retracted, the gantry structure is anchored

to.the test facility floor by bolts through plates welded adjacent.to.the wheels. Mobility

“of the structure can be achieved, when shifting test sites, by removing the hold-down bolts

and rotating the shafts through 180°. The 1/8-inch eccentricity in the shafts brings the.

wheels in contact with a grooved track embedded in the test facility floor and elevates the

assembly clear of floor contact. A 1-1/2-inch square driver on the.end of the shaft is
provided.for wrenching rotation and a 5/8-inch.diameter knurled pin, dropped into a set
of indexing holes, serves as an anti-rotational lock....

Since.a full-scale facility was not constructed.as part of this program, no-attempt has.

been.made. during the. design study to finalize all those details normally common to actual

equipment fabrication and installation.

-~
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Those areas which would require further definition prior to fabrication include:.

Actual requirements and locations for limit and/or safety switches mounted on
the_gantry. and triggered by carriage/strut location, .

Cable reels or.cable traveller-rings for instrument wiring leads.
Strut/carriage interface and brackets.
Strut/footpad retraction mechanism..

Flexible preumatic connections from the gantry to the strut or carriage-mounted
pressure tanks.

Provision for either electrical or lanyard "firing" of the strut/footpad release.

D4 THE.INSTRUMENTED STRUT AND FOOTPAD
L

Figure D-9 illustrates the full-scale instrumented strut.and footpad assembly, suspended

irom the carriti'-.ge. The fully-extended length of the-assembly is.about 88.inches.. .

The support strut is basically a_pneumatically loaded piston mounted rigidly within the:
gantry carriage and terminates at the lower end with an instrumented.load cell and clevis.
A similar clevis on the upper surface of the footpad together with a.pair of large.diameter
intersecting pins formirg a cross, constitutes a.rugged universal joint for the footpad

attachment.. ... . ... ... .
The strut-components consist. of a pair of telescoping tubular elements, the. outer (about
ten.inches_in diameter) serving as a.support cylinder while the iuner (about eight. inches
in diameter) acts as.a piston. The cylinder is capped at.the upper end.and provides a
tube/adapter fitting for-air pressurization. The footpad loading schedule is established -
by the degree of cylinder. pressurization during tests (referto Figure D- 10}.
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Both.the upper.end.cf-the piston.and the gland.end of the cylinder are fitted with leaded .
hronze hushing rings to.minimize friction and. wear when the piston is extended. An 0"~
fillq-el)arked.Teflon seal within the cylinder-gland prevents air leakace. The cylinder
gland_also incorporates.a felt wiper to proiect the seal from mineral debris during nor-

mal tes's  Provision 448 been made so that drag tests may be runwith the cylinder

manually 1acied rather than pneumatically loaded.. This may be accomplished by replacing  __
the felt-winer ring with a set of-four tapered sectors or collets which. when pulled.snug
with.a Wox vrrench, wedze between the-tapered inner diameter of-the cylinder gland.ring

and the.mufer.diameter-of the piston and prevent piston.movement. The rings.can be easily... ..
unlacked by backing off the-clamping bolts and then tightening a set of extractor screws.
which withdraw the sectors from the tapcr of the gland ring. The piston can bhe locked

at any heizht within its stroke range.

Total stroke of the strut has been optimized at.30 inches. This provides for a maximum
foatpad-soil penetration.of 24 inches under either pneumatic loading (for constant load)or . ... . '
manually locked {for constant penetration) test conditions. _

The piston.and cylinder:.are linked by a pair of hinged torque-arms which prevent relative
rotation between the strut piston.and the.cylinder. This, coupled with the design of the.
footpad universal_joint, prevents footpad yaw and assures. instrumentation orientation. \
The torque arms limit the maximum.piston extension.and the common hinge-joint provides

a convenient location for mounting a rotary potentiometer-to sense strut length or depth ,, _“ 1
of footpad penetration. -

A mechanism. on the outer cylinder wall incorporates.a toggle-latch 'which locks the piston
in the.'ccocked' position (refer to. Figure D-11).. With the trigger lever in the_safety posi~ e
tion, the latch.cannot disengage to.release or "fire' the-strut. .During drag tests, the '
trigger will.be fired by-a trailing lanyard after a specified distance of footpad-carriage-
travel across_the goil test pit.  Firing is accomplished by raising the:trigger lever, to

disengage the positive lock, then, by further.movement, to cam the latch over the_toggle
dead.center,. Once.over.dead center, the. latch swings violently free and:.comes to rest

on the inner surface of the lower torque arm,
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A second location for the latch provides a-"parking'™ position.. In this state the footpad

is raised.six inches off the soil bed or-partitions, and.the latch is engaged over a solid,
nontripping pin. A pivoted retaining ring drops over the.latch end to prevent disengage~-
ment with the pin. Provision is made to lock the retainer.with either.a holt or a padlock
to prevent any but intentional release..

The footpad attachment clevis extends from a cylindrical sleeve_that forms. the innex
element of the three-axis instrumented.load cell.. The_load.cell is designed to measure

vertical loads and both_drag and lateral horizontal.loads acting on.the.footpad. Except.
for physical size-of_its components, the basic.design of this unit and the.load sensirg
principles used are identical to those developed for the subscale drag test equipment, | )

The footpad used for full-scale drag tests, shown.in Figure D:-12, is identical.to the LM
footpad. in physical diameter, height, contour radii and insideé.periphery, but it differs
radically in.construction due to the rigorous and recurrent service schedule-to which.it.

must be subjected.

k
The.footpad is -an epoxy/glass.fiber-composite, generated over a disposable form,.cured, l
and then machined to precise contour. This method of construction is simplified by

simultaneously forming two identical footpads, as indicated in Figure D-12, and then I
separating them at the-intersecting plane. The mounting clevis iz actually embedded . .

into.the structure during fabrication. A spun-aluminum skin is bonded over the lower.. . 1

surface to.provide frictional characteristics similar to those-of the actual LM footpad.

The-footpad mounting clevis attaches to the mating load cell clevis through a rotating ?
cross-pin arrangement that forms a sturdy nonyawing universal joint. Mechanical stops .
are.machined.into the clevis.and U-joint to restrict footpad pitch motion to +25°, and. N
footpad roll motion to-+17-1/2° to simulate:the motion restraints of the-actual LM foot- .

H

pad.*. .. __

*(The-actual LM footpad is a freely rotating structure. mounted on a ball joint and capable

of 25% roil and pitch. Instrumentation and durability. requirements for a test device

dictated the nonyawing universal joint concept.and reduced roll.travel.. An identical foot~-

pad has survived approximately 20 full-scale impact cycles without fallure or measurable
deterioration.) -
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Pitch and/or roll attitude.of the footpad during test is measured by two rotary. potentioni~
oters located at 90° to each other on.one-end of each of the U-~joint cross-pins. The cross-
ping are-aligned in the drag and lateral axis. of the system.such.that each potentiometer

measures footpad motion in only one plane.

During tests a heavy plastic-boot would protect the U-joint. and all instrumentation
components.from abrasion and impingement of dust.and soil particles. With the boot
installed the lower end of the strut/footpad.assembly simulates the shape and silhouette =~ i
of the full.scale LM footpad/strut assembly.

D.5 OPERATION OF THE FULL SCALE. DRAG TEST FACILITY

The purpose of this section is to_describe.the procedures necessary for proper and..... ..
safe operation of the full-scale drag test equipment...Since test system operation and ' ‘
control is effected by the-hydraulic power/control unit, this equipment is-covered in... .

detail with attention directed to both the preparation and activation phases of its operation.

In addition, comments pertinent to the general setup.and arrangement of the mechanical .
equipment are given. Although not procedures, these are noted as precautions or guides

to help insure that test runs are both nonhazardous and productive of meaningful data.

The soil test bed and associated handling equipment does not fall within the scope-of -

this.section, however, its proper preparation and maintenance is essential to any useful _ s
test program. This includes the correct selection of soil material and use.of proper bed
preparation-procedures followed by appropriate soil control tests. Soil material physical.

properties and, especially, health hazards must be known so that adequate safety measures

for-handling and dust control can be implemented.

The footpad should be.checked for freedom of motion and U-joint lubrication, and for | !
instrumentation read-out.and calibration. Any-loose:soil.from previors tests should be f !
removed and the dust protector (plastic.boot) inspected for tears and tightness. The strut . |

should stroke smoothly and its inflation pressure be:verified for footpad.constant load . _ I
test requirements. If the strut iength is locked for constant penetration tests, the locking _ .
features should be checked for tightness and proper adjustment. The strut triplatch.
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should be examined for “cocked" readiness and the tripping lanyard set to provide the
required drop-point.. All instrumentation circuitry should be carefully checked and loose

wiring cables secured to prevent dumage.

The ganiry bridge must be.properly positioned over the soil bed, aligned with the.hydraulic
actuator, and securely anchored to its attachment points. The tubular rails must_be wiped
clean and lubricated.immediately prior to each test run. Both the strut and drawbar
attachments to the carriage and the drawbar to power piston coupling should_be inspected.-
The footpad, strut, carriage,.and gantry rails must be free of any loose tools or other
objects that could become lethal missiles during thg test run..

Prior to first-time usage of the hydraulic power/control unit there- should ke positive
assurance-that all components have:been carefully and securely assembled; that the
system has. been thoroughly purged of all foreign materials, chips, grease, moisture, etc.
and.completely oil flushed; and that all gages, seals, controls,.etc, have been tested and

certified.

The hydraulic unit is powered by the stored energy of high pressure nitrogen introduced.. .
above and acting upon the surface of the oil in the pressure storage-tank which, in turn,
supplies the force to drive the actuator piston. A separate electrically-driven oil-pump

is. used_for oil transfer through the.system. Shop air pressure and nitrogen pressure.are.
employed for the operation of certain valves and regulators..

A specific test schedule is controlled by the metering orifice (located below the control
valve assembly) and by the air pressure setting on the constant force pneumatic.piston

in the.control valve assembly. The air pressure is regulated from the control panel-
immediately prior-totest. However, the metering orifice can ke installed or changed.
only: when the.system is unpressurized, since disassembly is required. Accordingly.,

this operation should. be performed prior to filling, bleeding, and pressurizing the system..
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The hy_draulic_pow_er/control unit cannot be activated or "fired'" unless the following .

safety precautions are satisfied. The.limit switch or switches on the gantry carriage

must be. in closed position, a kevlock switch at the control panel must be manually unlocked
and activated, and.the "firing" button must be manually tripped.

The following procedures cover the hydraulic ’system charging, filling, bieeding, pressur-
izing, activation, and shutdown operations (refer to schematic diagram. Figure D-4).

D.5.1 Charging the System with Hydraulic Oil

Close 21l valves and regulators. Insure that all electrical circuits are Moff'' and that the

keylock switch on the control panel is locked and-the key removed.

~ 3
__

Transfer approximately fifty (50) gallons of MIL-H-5606 hydraulic oil into the supply . {
and discharge-drum (1).

Open main valve (2), fill and drain valve (3), tank bleed valve (4) and isolation valve (5).

Open the control valve (6) by turning on the shop air pressure and.adjusting the pressure
regulator (7) to apply approximately five psi to the valve actuator.

Energize the hydraulic pump (8) and transfer approximately 45 gallons of oil (six cublc

feet) into the pressure storage tank (9) and connecting lines. .The oil volume transferred

may be readily determined by observing a.drop of 26-27 inches in the supply tank level.

There will be a tendency for the power piston to creep toward the extended position if i
charging is initiated-with the piston retracted.

Add an.additional.20 gallons (3.7 cubic feet) of oil to the supply and discharge-drum (1).
This can be measured by a 12-13-inch.level rise at the drum.

Shut off the hydraulic pump (8), close main valve (2) and shut off air pressure regulator

(7) to relieve the control valve constant force piston and close the control valve (6).
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D.5.2 _Filling the Power Cylinder

Open the power cylinder low-pressure.bleed.valve (10). and high~-pressure bleed valve (1). .
Energize the solenoid valve {12) and adjust the nitrogen pressure regulator (13)_to open
the programmed (Annin) valve (14). The valve position can be determined visually.

Start and_run hydraulic pump (8). When oil is. ohserved to discharge into the drum (1} = _
de-energize the solenoid to close the-programmed.valve (14).

Continue running the hydraulic pump until the piston.travels to the fully extended.position.
Shut off the pump and crack isolation valve (5) momentarily to-relieve the pressure buildup
in the hydraulic accumulator (15).

Close all valves and shut downthe nitrogen regulator (13).

D.5.3 *Bleeding the System.

The entire system must be "'bled'* to remove all trapped air or.gas (except in the pres-
sure storage tank (9) and the-accumulator (15)) which would cause tsoftness'’.and erratic

operation.

Open the main valve (2}, fill and drain valve (3), high-pressure bleed valve (11), isolation
valve (5) and low-pressure-bleed valve (10)..

Adjust air: pressure regulator (7)_to apply approximately five psi air pressure signal to
open the control valve (6).

Slowly open.the tank pressurizing valve(20) until nitrogen pressure.gage.(16). indicates
approximately 50 psig applied to the surface of the oil in the pressure-storage.tank (9)..
The.flow of oil from the storage tank will flush any air trapped in the system into the
supply and discharge drum (1).

*Note: This operation should be perfermed prior to each test run until sufficient_experi-

ence has been gained to warrant reducing its_frequency.
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As soon as the intermittent oil discharge into the drum hecomes a_steady flow, close the
low-pressure bleed valve. (10), and then.all remaining valves and regulators.

D.5.4 Pressurization

Open the tank pressurization valve (20) to charge the system with 15 cubic_feet of nitrogen
at 2000 psi. Tank pressure is-indicated on nitrogen pressure gage-(16). Tank bleed—
valve-(4) is provided to bleed down or completely release tank pressure when required.

A _separate normally closed solenacid valve (17) is mounted_on top the pressure-storage

tank to provide instant depressurization on demand..

Caution'! Once the system is pressurized extreme care.must be exercised, since the

forces-generated within the equipment and by the piston are very high.

D.5.5 The Drag Test "Run"

After the hydraulic-system has been charged, the-power.piston positioned, and the system

"pled'* and pressurized, the hydraulic power/control unit is. functionally ready for use. ...

At this time, final checks should be made-to insure that all of the mechanical equipment
and instrumentation.is in order and ready for test. Immediately prior to test, any area
safety regulations and warning devices would be activated. '

The test run is accomplished as follows:

Open the main valve (2)..

Adjust the air pressure regulator (7) to the.setting required for-the control valve constant. .. .. ... ..

force piston.(6). The correct pressure setting is obtained from the system. calibration..

sheets.

Check and record all valve positions and gage pressures as.required and insure that elec-
trical.circuits.are energized.. Determine that all data_recording devices are ready for.

activation.
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Unlock the key-locked safety switch,

Activate-data recording systems and immediately depress the "firing'' button.. The
complete test run-from acceleration through deceleration is then controlled by the.
hydraulic system.. After the carriage and footpad have decelerated to a full stop, relock

the safety switch.

Retraction of the strut and footpad will probably not be performed before-a thorough
visual or photographic examination of the-test bed has been made. -

Release the strut loading pneumatic pressure, and raise the strut and footpad clear. of
the goil test bed and.lock in the “parked" position. Uncouple the: power-piston drawbar
and. return the carriage to.its starting position on the gantry. This. should be done manu-
ally to avoid the possibility of backling the drawbar. ‘To avoid interference with test_bed

renovation, the power cylinder should remain retracted. -

D.5.6 System. Depressurization

In the interest of safety, the equipment.should.not remain pressurized for extended periods
when not scheduled for immediate re-use.

Open_tank bleed valve (4) to permit the gradual escape of nitrogen until the nitrogen gage-
(16) drops.to 200 psi. Close the bleed valve.

In.an emergency the nitrogen pressure can be instantly "dumped” by firing the normally
closed solenoid valve (17)..

D.5.7 Draining the System.

Normally, the.hydraulic system would be. drained only for major maintenance operations. ...
Change of the orifice.-requires only that the main valve (2) and bleed valves (10).and(11)

be closed in addition to activating the-sclenoid valve (12) to open the programmed (Annin) |
valve (14). The system. must be ""re-bled'" after orifice change. | )




: Complete drainage can be accomplished by opening the system bleed valve (19)-and.the
fill.and drain valve (3). The:oil will discharge into the.supply and discharge drum (1).

| The auxilliary discharge.drum must be employed to receive the entire:-charge of oil. .

’ When the system is completely drained (i.e., no further oil flow into the discharge drum

| is observed), close the bleed valve and fill and drain valve.

w» m e o meem .

The preceding operational procedures.are based on currently conceived hardware and.
would be-subject to expansion and possible;chang_é to accommodate variations dictated by

. actual procurement items and unique facility installation. However, as given, they would.
form the_basis for a detailed "Operational Guide' or “Manual' for the system as it is
finally evolved, |

D.6 LISTING. OF DESIGN DRAWINGS.

Listed below are-the engineering design and/or manufacturing drawings of major.com-
ponents. that were prepared.during this design study. Some of these are reproduced in.
reduced size in appropriate sections of . this Appendix. Although these drawings are:not
included as.a direct attachment to this report, copies of each will be furnished to NASA-
MSC in a separate-package.

Bendix Applicable Drawing
Item Drawing Figure Size (in.)
Complete-System
Drag Test Facility, Perspective View *VXE-30828 D-1. 34 x 44.
Drag Test Facility, 1/20-Scale Layout *VXE-30826 D-2 34 x 44
Hydraulic. Power Unit.
Schematic Diagram *VXD-30827_ D-4 . 22 %34 .
Semischematic, Control Valve Assy.  *VXD-30830 D=5 _22x34. .
Layout, Power/Control Assy. VXR-30594=1. 34 x176
VXR-30594-2___ 34 x 66
Control Valve VXR-30588 34 x.132
Hydraulic Cylinder Adapter VXD-30589 22 x 34-
Orifice Plate, Control Valve .. VXC-30590 17.x.22 .
Piston,.Control Valve VXC-30591 17x22 —
Sleeve, Control Valve S VXC-30592. .. 17x22. ...
Platform . ... ... ... ... VXR-30593 34 x B4_
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Bendix Applicable  Drawing-
Item ——— Drawing Figure Size (In)
i Gantry Structure
Drag Test Equipment, List of Material VXE-305684. 34 x 44
Gantry Structure, Bridge *WXE-30565 D-6 34 x 44
l Gantry Detail, End Plates VXE-30566 34 x 44
Lift Rolls. VXD-30567 22 x 34 .
Carriage Details and Bearings *VXE-30568 D-7. = 34x44
l Carriage Assembly ___ = *VXE-30569 D-8 34 x 44
Strut-and Footpad. .
8 Strut, Instrumented *WXE-30771. D-10 34 x 44.
i Torque-Link and Release Mechanism  *VXE-30773 .. ..D-11 34 x 44
' Installation, Strut *VXC-30775 D-9 17:x.22
Footpad, Glass Fiber *VXE-3064 D-12 34 x44
l Clevis and Plug. VXD-30843 22 x 34

*Drawings reproduced in the-text..

D.7 ANALYTICAL PREDICTIONS OFSYSTEM PERFORMANCE .

Results of.analytical studies.that predict performance-of the full-scale drag test facility

are summarized in this.section. The studies were conducted as part.of the power/control
unit.design effort to investigate control system dynamics and to optimize the hardware

design.

'The analysis. was carried as_far as practical during the control cystem design phase and
would.necessarily continue through a development phase when.experimental data from .

actual control system.hardware was made available. . However, the techniques-used were ..
based on.previous experience with related types of systems, and the results shown here__.
are believed to reflect the performance that can.be_expected from the full-scale system.

The theoretical results indicate that, except for one extreme situation, essentially full .
compliance with the specified performance requirements. (see paragraph. D.1) can be ex--
pected. The exception involves a worst-on-worst condition.of carriage velocity (15.-feet/ .. —
second), maximum drag load (7000 pounds), and peak break-away load fluctuation
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(+10 percent or +700 pounds), in which the carriage reaches a peak veloeity of 0.139
foot/second.greater than that obtained with no load fluctuation. However, under less.
stringent condition (i.e., slightly slower speed, or smaller constant.load, or smaller. .
load fluctuations), the specified maximum velocity deviation of +0.1 foot/second is ex~

pected to be.met. -

Table D-1 presents the.parametric. design specifications for the hydraulic power/control
system. The table lists nominal criteria (plus tolerances, in several cases) for 28.
parameters which were determined to be_most influential.in.their effects.on overall
system performance. These parameters were optimized to.the values shown via earlier
detailed studiés.

Figure D-13 indicates the programmed (Annin) valve design requirements. (item 27 of
Table D-1)_in terms_of required flow performance as'a function. of time. From valve:
supplier specifications a size two-inch valve with 900 to 1500 pound ASA body rating
appears.to_be adequate. . Although opening and closing characteristics of this unit are not
available, these would be-experimentally_determined.and then optimized during the .
development phase. Figure D-13 indicates the acceptable range for opening and closing
flow performance; the analysis assumed a linear opening and closing in 0.2 second (along
the upper and lower bounds, respectively, of Fi; ure D-13).

Figure D-14 illustrates the throttling orifice design requirements, all dimensions being

aominal.

Firure D-15 presents control valve calibration data from which the metering orifice
selection and constant -.force pneumatic~piston air pressure_setting is determined. .
The:calibration predictions are based on nominal velocity and nominal load requirements

(L.e., no tolerance-included;j.

Figure D-16.indicates the expected steady~-state performancevariationwith constant load.
using the calibration data from Figure D-15._ The performance-variations shovn are over
the entire range of specified.loads, i.e., zero-to 7000.pounds, and:are.considered 3¢

variations.
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Control Valve Piston (tends to

Direction of Positive Motion of
open throttling orifice).

Note: Eight identical, symmetrically spaced ports machined
through surface of hollow, metallic cylinder.

Figure D-14. Throttling Orifice Design Requirements
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FB:(Pneumatic Force on Conirol Valve Piston) - 1bs.

480

440

400

360

320

280

240

200

160

120

AMO = 0.302 jn2

|

= 08071;32
- jng
\

/_ /

Notes:

1. Annin valve began closing at
X = 18 feet,

2. Nominal interial load of 1500
pounds also included,

2

3. Specified available FB range
requirement is 100 lbs FB
480 lbs.

4 6 8 10 12 14
XDSS (Constant Steady-State Carriage Velocity) - ft./sec.

Figure D-15. System Calibration Prediction
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FB (Pneumatic Force on Control Valve Piston) - ]bs.

530

490

450

410

7000 1 {[
Load o o L____ b
#_‘_7000 b
Zero Load
Load IJ Zero
W,""_: Load 4+ ———

7000-1b. I
Load / Load

>

" r | 1000531 lb'_'//- - ig:z 1
| /
330 i /
/ /
" /;‘II / ///
I / /]
3 7
| %
210
Il ?/
170 I.] ,/ Legend: 0
/ '/ 7 |AMO = 0.302 in
/ Vv
130{ /é / /V/ AMQO = 1.21 in2
Note:.

90

50"

The performance variations
shown are over the entire

/ / 7 £ -lrange of .specified loads,
/ / i.e., zero to 7000 lbs. There--
fore, they should be considered
30 varijations.
2 4 6 8. 10.... 12 14

XDSS (Constant Steady-State Carriage Velocity) - ft./sec.

Figure D-16. Expected Steady-State Performance Variation With Constant Load
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The data presented in Table D-2 was obtained_by cross referencing the curves presented
in Figures D-156 and D-16, Note that the predicted 3¢ variation in steady-state perfor-

mance (i.e., the actual velocity ohtained) with constant load is relatively small.

Figures D-17 and D-18 indicate the expected dynamic response of the nominal system
under no load conditions, (i.e., with no soil impeding the motion of the fdotpad), although
a nominal.-inertial load of 1500-pounds was assumed. All three phases of the test run
(acceleraiion, constant velocity, deceleration) are shown, with Figure D-17 representing
a 15-foot/second constant velocity run and Figure D-18 a two-foot/second run, In Figure
D-18, the theoretical test run distance was shortened only to reduce computer time.

The next four figures show the predicted dynamic response of the system under conditions
that simulate both low and high drag loads with break-away load fluctuations superimposed.
The frequency of load fluctuation was assumed to be uniform, beginning just after steady-
state velocity was reached and ending with initiation of the deceleration phase. The load
pulse period and shape was arbitrarily established to effect fluctuating load buildup to

full value as a first order time constant then drop sharply off as shown.

Figures D-16 and D-20 present expected system respcnse at steady-state velocities of
15 and 2 feet/second, respectively, under a small (500 pound) load with +10 percent (or

+50 pounds) break-away loads superimposed.

Figures D~21 and D-22 are similar predictions but under maximum load (7000 pound)

conditions with the +10 percent (or +700 pound) load fluctuation superimposed.

Figure D-21 is the test condition noted earlier in which the maximum steady-state
velocity variation of +0.1.foot/second is exceeded. This variation is not felt to be of
particular significance, since the analysis does indicate that drag system load variations

can.be effectively accommeodated by the control valve.
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TABLE D-2

PREDICTED 3¢ VARIATION IN STEADY-STATE PERFORMANCE
DUE TO SPECIFIED RANGE OF CONSTANT LOAD

Prodiction of XDSS Obtained (nom, +3¢0

9 Tolerance) (Nominal predicted.from Figure A
XDSS AMO (in") FB (1bs) D-16. Tolerance duc to tota) specified
Desired from from constant load range, i.c., 0 £ load £
(ft./sec.) Figure D-15 Figure D-15 7000 1bs.)
2 0.302 125 2 + 0,05 ft/sec
3 .. 0.302. 273 3 + 0.05 ft/sec
4 0.453 219 4 + 0,07 ft/sec
5 0.453 338 5 + 0.05 ft/sec
6 0.807 160 6 + 0.12 ft/sec
7 0.807 215 7+ 0.11 ft/sec
8 0.807 279 8 + 0.1 ft/sec
| 9 0.807 352 9 + 0.09 ft/sec
10 0.807 433 10 + 0.08 {t/sec
11 1.21 242 11 + 0.17 ft/sec
12 1.21 286 12 + 0.15 ft/sec
13 121 . 335 13 + 0.14 ft/sec
14 1.21 388 14 + 0.11 ft/sec
15 . __1l.21 444 15 + 0.1 ft/sec

Nomenclature: XDSS £ constant steady-state carriage velocity.
AMO 2 metering orifice area,.
FB 2 pneumatic force on control valve piston )
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In the transition from acceleration to steady-state velocity, the "overshoot' evident on
each of the test runs is a result of the assumed linear opening of the Annin valve in 0.2
second mentioned earlier. This can be accommodated during development by "tailoring"
{ of the valve opening characteristics within the range indicated in Figure D-13, The range
was established by considering various other linear valve opening characteristics that
maintained system stability and accelerated the carriage within the first three feet of

travel.

Table D-3 summarizes the highlights of Figures D-17 through D-22 in tabular form.
The predicted nominal dynamic response characteristics listed bound the range of system

response expected for the specified carriage velocity range of 2 to 15 feet/second, under
loads ranging from zero to 7000 pounds, and with +10 percent break-away load fluctuations

superimposed.

Table D-4 presents the predicted actual steady-state carriage velocity which should be
obtained {nominal + tolerance) as a function of the system and operating tolerances.

These predictions are shown for all desired velocities between 2 and 15 feet/second at
one-foot/second intervals., A breakdown of the predicted effects of individual tolerances I
is also shown. These were combined using the square root of the sum of the squares of

the individual variations to obtain the overall expected variations due to all tolerances

(columns 7 and 8).

Although marny parameters were considered nominal in the analysis leading to Table
D-4, the effects of tolerances on those parameters believed most critical to overall
system performance and stability and/or most likely to vary, have been considered.
Where no tolerances werz assumed, either the parameter values shown are design 1
criteria to be maintained (as near as possible) on the hardware, or - as in the case of
flow discharge coefficients --the values would be determined experimentally and their ~
effects reassessed during development phase analytical studies. In addition, for certain
parameters, the assumed tolerances used here can be reduced in later studies when

detail hardware sizes are known.
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APPENDIX E

VAC UUM/ATMOSPHERIC IMPACT TESTER AND
) SUBGRAVITY SIMULATOR

This Appendix describes the subscale impact tester and subgravity simulator experi-
mental apparatus and the associated instrumentation systems used for the atmospheric
and vacuum footpad impact tests and the reduced gravity impact tests. These experi-
ments were conducted by the OIT Research Institute at Chicago, Illinois during the period
from November 1966 to May 1967. The test equipment was.designed and constructed by
IITRI to meet technical requirements established by Bendix.

The following pages are reproduced from appropriate portions of IITRI Final Report
No. M6173, submitted to Bendix at the conclusions of the study. e




f 11T._EXPERIMENTAL APPARATUS
The apparatus used in the experiments i{n atmosphere
{ i{s shown in Figure 1 and consisted basically of an impact

drive mechanism to accelerate the footpad prior ro impact, a
soil container 24 in. in diameter and 20 in, deep, and the

asgoclated instrumentation, For the experiments {n vactum the
impact drive mechanism was mounted on a gimilar frame in the 1
vacuum system as shown in Figure 2. -f

A. DMPACT DRIVE MECHANTISM
The impact drive mechanism, illustrated in Figure 3,

represented the most significant item with respect to program
The purpose of the impact drive mechanism was to

performance.
provide controlled motion and controlled orientation for the

scale model footpad up to and during soil impact and penetration.

The mechanism consisted of a shaft riding in two bronze bushings

contained within a rigid frame. Attached to the end of this
shaft was a universal adjustment mechanism on which a scale
model of the IM footpad was mounted. A load cell was inserted
between the pad and the shaft, These four items, weighing
approximately 32 pounds constituted the moving elements of

the drive mechanism,.

The energy required to drive the impacting assembly was
provided by the elastic strain energy stored in a helical
compression drive spring. The spring acted upon the upper end
of the shaft, and reacted against an extension to the frame. ]
The spring and shaft were held in their cocked position by a
sear, fitting into a latching groove in the shaft, and were
released by solenoid action. The axial forces on. the sear
were balanced by means of a small balancing spring and an
adjustment screw.. The amount of energy stored in the spring
could be varied by means of the preload adjustment screw on

the upper end of the shaft.




L]

i

1 TIMPACT DRIVE MECHANISM IN ATMOSPHERE

Fig.
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Fig. 2 1IMPACT DRIVE MECHANISM IN VACUUM CHAMBER
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Upon release of the sear, the spring drove the shaft and
its attachments downward for the major portion of its travel.
1 Near the end of 1its stroke and before impact, the shaft
separated from the spring and experienced '"free" travel.

The experiments in vacuum required the adaptation of the
impact drive mechanism and its mounting bracket to existing
vacuum facilities, The limited space available within the
vacuum chamber_necessitated the design of a mounting bracket
which could be easily removed permitting the placement and
removal of the soil container. This bracket consisted of a

stiffened aluminum plate, mounted on a pivot, and constrained
by a bolted lock (Figure 2). Additional stiffness, in the form
of guy wires, was provided, primarily for the oblique angle
impact tests, .

B. SUBGRAVITY SIMULATOR

For the experiments in a reduced gravitatiocnal field a
subgravity simulator was designed, and is shown in Figure 4,
It consisted of a drop tower approximately 20 feet high, con-
taining a drop platform, a counter weight system, a hoisting
and release system, and a means for decelerating and stopping
the drop platform,

The drop platform itself was a stiffneed plate structure
on which a vertical frame was mounted. The soil specimen rested
on the plate and the vertical frame supported the impact drive
mechanism and its mounting bracket. In addition, this frame
provided an attachment point for the hoisting cable and guide
rollers. The guide rollers were rubber tired casters providing
a stable constraint, in a horizontal plane, for the platform
during its descent, The rollers rode upon the web and. flanges of
the supporting columns in a two point support configuration .
(across the plate diagonal).

The drop platform rode within four vertical wide
flange beams, arranged in a rectangular configuration, con-
strained at the top and the bottom and braced diagonally along

E-6
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Fig. 4 SUBGRAVITY SIMULATOR




their length. Across the_top of this structure was a_yoke
arrangement, carrying the upper pulleys necessary for the. ...
hoisting and counterbalance cables. The lawer pulleys for
these systems were contained within the base structure. The
support structure, also, had attached to it, the reaction
members for the friction deceleration device.

The hoisting system cansisted of a winch, cable,
solenoid actuated release mechanism, and assoclated pulleys.
The release mechanism consisted of a solenoid actuated toggle
linkage attached to the locking hooks (Figure 5). The counter-
balance system, permitting the simulation of reducad gravity,
consisted of a double cable, counter.weights, ard associated
pulleys., The double cable was attached to the drop platform
at both the top and the bottom, permitting the use of a single
deceleration device to control both the drop platform and the
counter weights,

The counter weight assembly was composed of a number of
steel slabs, permitting variation of the retarding force. This,

in.turn, permitted the simulation of any gravity field from . ... .. . ...

earth normal (no drop) to almost 'zero g" (free fall).

The friction decelerator (Figure 5 and 6) consisted of
spring loaded friction pads and . associated reaction members
The friction pads were attached to the stiffened plate structure
of the drop platform by load springs to pravide an essentially
constant normal force between the friction pad and the
reaction member during the deceleration phase. The pad was
arranged so that any desired material may be used as the
friction element. The friction element used for these experi-
ments was a commercially available brake lining material,

The reaction members were attached to the main supperting
structure through a parallel bar linkage arrangement. This
linkage permitted the reaction member to rotate away from the
friction pad when the direction of travel of the drop_platform
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Fig. 6 FRICTION DECELERATOR
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was reversed and, thus provided an automatic unlecking feature,
The members themselves were made from a structural steel shape
and were faced with a steel plate for the friction surface. A
total travel of four feet was allowed for deceleration.

The required drop height depended upon the time necessary
to conduct the impact experiment while the platform was falling.
The distance required for deceleration depended upon the drop
height; but the friction deceleration was designed for free fall
of the loaded drop platform from a height of 16 feet. 1In the
experiments a total drop height of approximately 4 feet was
used and provided a total time for testing of approximately 550
msee at a gravity field of 1/6g. The total drop height of
16 feet would provide a time of approximately 1.0 sec under
free fall.

E-11




IV. INSTRUMENTATION
The instrumentation system consisted of eight record/
reproduce channels. 3ix channels were used to record analog
data signals and two were used to record time information (one
channel for a time base channel and the second for "time of

event' data).

Figures 7 and 8 are block diagrams of the recording
instrumentation and the reproduce equipment. Data signals

recorded on magnetic tape, were reproduced as oscillogram
traces,

The signal output of each measuring system was terminated
into a patchbay located in a monitoring unit which contained
the circuitry to perform the electrical calibration. It also
contained visual monitors and test equipment that was used.- to
assure that the measuring systems were in proper operating con-
dition prior to conducting the test.

A.  TRANSDUCERS
Bending and axial loads were measured by electrical

strain gages mounted on the load cell as shown in Figure 3,
The strain gages were metal film gages and were connected .in

a four active elemeat Wheatstone-bridge configuration, The
strain gages were placed so as to provide maximum data_signals
for the parameter being measured and, at the same time, be

non responsive to other effects. The cross sensitivity of the
different elements were observed to be less than 5 percent and
were taken into account in the reduction of the data.

The load cell contained two piezoelectric accelerometers,

mounted in an orthogonal array. to monitor the horizontal and
vertical component of the acceleration. A Kistler 802 unit
was used to measure the vertical acceleration and a Kistler
808A was used in the horizontal position. Both units had an
electrical frequency response from near DC to 8,000 Hz. The
transverse sensitivity was less than five percent of the
normally applied load.

E-12
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R

A variable potentiometer was used to provide time-

displacement data of the footpad. .. . .

B. RECORDING EQUIPMENT

The recording equipment used on the test program were
analog magnetic tape recorders. The initial tests were Iun at
a recording speed of 60 ips and reproduced at a speed of 1-
7/8 ips. These conditions.produced oscillogram recordings
with an effective band pass of DC to 20,000 Hz. A cursory
review of the oscillogram recordings indicated that there was
no pertinent data in the frequency range about 3,000 Hz, 1In
view of this, the remaining tests were run at a recording speed
of 15 ips, providing an effective band pass of DC to 5,000 Hz.
Oscillograms were used to produce traces of the data recorded on

magnetic tape,

C. CALIBRATION
The transducers were initially calibrated over the

anticipated range of application oy applying the load stimulus
to the transducer and then recording the output signal voltage.
The signal voltages were then converted to units characteristic
of the sensing element (i.e., AR per pounds for the load cell,
pcb per g for the accelerometer and AR per inch for the linear

potentiometer).

Electrical calibration was conducted prior to each
experiment to verify the integrity of the signal conditioning
equipment and recording system. The electrical calibration
signal was recorded on each data channel immediately preceding
the recording of the data signal from the test run,

The electrical strain bridge circuits were electrically
calibrated by shunting one element of the bridge Rg with an
accurately known resistor Rg causing an unbalance, AR, in the
bridge circuit, This, in turn, caused a voltage rise, AE,
proportional to AR, at the output of the bridge circuit, The
calibration signal AE was equivalent to AR/K units of force,




(K being the sensitivity factor,AR/pound, determined in the pre-
test calibration,)

The accelerometer channels were electrically calibrated
by injecting a known calibration voltage signal E,, at the
output of the charge amplifier. The acceleration equivalent, A,
of the calibration voltage could be determined by the relation-
ship:

Eo

Ac"—g'ﬁ'

where § is the range setting of the charge amplifier. (mv/pechb)
and K.is the sensitivity factor of the accelerometer (pcb/g).

The linear potentiometer channel was electrically cali-
brated by recording, in turn, the voltages at the two ends and
at the center of the resistance elements. This method produced
a calibration signal that represented 0 percent, 50 percent, and
100 percent of full potentiometer travel.

D. DATA REDUCTION
The data was reduced by manually digitizing the
oscillogram records and key punching this data for reduction

on the IBM 7094 computer.

The horizontal .force on the load cell was determined by
mwting that the difference between bending moments at the two
extreme strain gage bridges on the load cell was due to the
horizontal force. Thus, the difference between bending
moments divided by the spacing between the bridges yielded the
horizontal force. The axial force on the load cell was
simply a linear function of the output voltage of the middle
strain gage bridge.

The forces acting on the footpad were determined by
adding the mass of the footpad times the appropriate component
of acceleration (which was measured) to the force on the load
cell. The cross sensitivity of the various elements in the
load cell were also taken into account in the computer program.

PR |
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